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The infrared spectra of selenium dioxide 


P. A. and M. Fatx* 


Department of Chemistry, Laval University, Québec, Canada 
(Received 27 Augquat 1959) 


Abstract—The infrared absorption of thoroughly dried films of crystalline selenium dioxide 
was recorded at ordinary temperature. Some seven bands were found between 530 and 940 em-!. 
These, and the numerous bands in the Raman spectrum are consistent with the polymer-like 
chain structure based on X-ray data. Preliminary work on SeO, vapor at 320°C has yielded 
only one fundamental at 967 cm™! with overtone at 1870 em~!. The strong bonding in solid 
selenium dioxide contrasts sharply with the weak intermolecular forces in sulfur dioxide. 


BECAUSE it is of much more limited interest than its sulfur counterpart selenium 


dioxide has accordingly received much less attention. An electron diffraction 
investigation of the free molecule [1] has yielded only the Se—O bond length, 
1-61 A, the contribution of the O—O distance to overall diffraction being too 
small for even an approximate evaluation of the interbond angle. The vibrational 
spectrum of the vapor has not been measured before, although one of the funda- 
mental frequencies has been observed in the ultraviolet spectra [2-4]. The liquid 
phase of SeO, is not easily accessible for the solid sublimes at 315°C under atmos- 
pheric pressure. The crystal has been shown by X-ray diffraction [5] to consist of 
infinite polymer-like puckered chains of the type: 


The Raman spectrum of the crystal has been reported by Gerprne [6] and also, 
albeit unwittingly, by VeNKATESWARAN [7], who thought he was studying selenious 
acid. As explained elsewhere [8] the remarkable similitude of his results with those 
of Gerpine (Table 1) confirms that his samples of selenious acid must have been 
largely dehydrated. Indeed, the equilibrium reaction 


SeO,(cryst.) + H,O (vap.) == H,SeO, (cryst.) 
proceeds quite readily in either direction depending on atmospheric moisture and 
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The present infrared work was concerned mainly with crystalline 


temperature 
SeQ),; an attempt was also made to measure the spectrum of the vapor. 


EXPERIMENTAL 


Lhe spectra were recoras d with a Perkin-Elmer, Model 12-C, infrared spectrometer over the 


fthe LiF, NaCl and CsBr prisms. The high-purity sample of selenium dioxide obtained 
of Dr. Ek. M. Eckex, Canadian Copper Refiners, Montreal, was used without 


Thin films of the solid were easily prepared by « Vaporating a saturated 


ns 
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For the vapor, great difficulty was enco 
molecules over a 10-cm abs rption path, both because of the low volatility of the solid and the 
reactivity of the vapor. Metal surfaces, as well as the various cements and gasket materials used, 
and even the silver chloride windows, were found to catalyze reduction of the dioxide into ele- 
mental selenium. A flow system at atmospheric pressure was tried, with the solid sample and 
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The infrared spectra of selenium dioxide 


absorption tube heated up to 250°-280°C, but tiny leaks and the extreme toxicity of the com- 
pound presented a serious health hazard for the operator. The best results were secured with a 
static system, the absorption cell being kept at about 320°C. At that temperature the trans- 
mission of the silver chloride windows improved noticeably so that scanning could be carried 
out as far as 350 em™!. 


Discussion or RESULTS 


All but one of the seven infrared bands found in crystalline SeO, (Fig. 1) have 
their equivalent in the Raman spectrum. The latter, in addition, shows over the 
same range some ten very weak bands of which no indication could be detected 
in infrared even with relatively thick samples. From the large number of Raman 
shifts Gerpine had concluded that there are no distinct SeO, molecules in the 
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Fig. 1. Infrared spectrum of solid SeO, 


crystal in agreement with the chain structure proposed by McCuLtoveH. The 
same conclusion may be reached here from comparison of the observed frequencies 
in the solid with those predicted for the free molecule. The strongest band at 
901 cm~' must be assigned, like the corresponding Raman shift at 888 em-', to 
stretching vibrations of the Se—O side groups|6]. It is known that the lateral Se—O 
bonds are somewhat shorter, 1-73 A, than those in the chains, 1-78 A: therefore 
it seems logical to assign to the latter the lower frequencies at 716 em-! and 
535, 563, 591 em~'. Possibly the higher of these belongs to the asymmetric 
stretching in OSeO units in view of the weakness of the corresponding Raman band 
at 710 cm~'. The splitting of the two frequencies in the 900 em! and 550 em~! 
regions must arise from the strong coupling of the structural units in the chains. 
As for the bending modes they fall beyond the region covered in this work, namely 
around 250 em~! as observed in Raman. 

The above frequency pattern is entirely different from that normally to be 
expected for individual SeO, molecules. Pending complete spectroscopic deter 


mination one may estimate the three fundamental vibrations as », = 900 em-, 
vy, = 400 cm~! and », = 1050 em~ (all within +50cem~!) from correlation with 


| 
ae 
; 


P. A. Grevukre and M, FALK 


those of the SO, molecule.* The same values were arrived at from analysis of the 
electronic spectra [4], although only », was positively identified (at 910 cm~‘). 
Previously [2] a frequency of 1189 em ~' has been suggested for »,, but this 
interpretation was later questioned [3]. Unfortunately the present results for the 
vapor (Fig. 2) do not fit that picture too well. The strong band at 967 em~', with 
P- and R-branches at 950 and 984 cm~', can only be assigned to v,, in which case 
the weak shoulder on the low-frequency side (900-910 em~') could belong to », in 
good agreement with the ultraviolet data. On the other hand, careful scanning of 
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Fig. 2. Infrared absorption by selenium-dioxide vapor at 320°C; 


partial pressure unknown. 


the region around 350-400 em~! has failed to reveal any sign of absorption 
connected with the bending mode, although some should have appeared judging 
from the intensity of the 967 em~' band. By coincidence the bending frequency 
is also missing from the ultraviolet spectra for some unaccountable reason. More 
work is obviously needed for complete understanding of the molecular spectrum 
of SeO, 

In conclusion, the behavior of selenium dioxide may be contrasted with that 
of its sulfur analogue. The strong tendency of the former to “open” one of its double 
bonds and form new valence bonds, as exemplified in the solid as well as in ready 
combination with water to give H,SeO,, does not exist in the case of SO,. The 
greater polarity of the Se—O bond must be partly responsible for the difference. 
Sulfur trioxide, in which the S—O bonds are more polar than in the dioxide, 
resembles selenium dioxide both in its high affinity for water and the formation 
of ring and chain polymers in condensed phases. The structure of these poly mers 
to that of crystalline selenium dioxide [11], 12]. 
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tes are based on the assurmption of a valence force system [9| for a non-linear symmetric 
the following assumed parameters a) angle of about 120°, as in SO,; (b) mam 
ng 101 constant &k, S 10° dyn-em~'! from comparison of the force constant in SO and 
bending force constant k,/1* f 10° dyn-em~'! in the same ratio to that of SO, as 
en H,S and H, 
G. Herzeers. Infrared a pectra of Polyatomic Molecules p. 168. Van Nostrand, New 
York (1945 
G. Herzeerc, Spectra of Diatomic olecules. Van Nostrand, New York (1950). 
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H. Gerprne and J. Lecomte, Physica 6, 737 (1939) 
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Note added in proof 


In a short note that came only recently to our attention, A. Simon and R. 
PAaETzoLp, Naturweiss, 44, 108 (1957) had reached the same conclusion as above 
[8] regarding the origin of VeNKATESWARAN’s spectra [7]. These authors also 
measured the Raman spectrum of crystalline selenium dioxide and found some 
eight weak bands in addition to those already reported by Gerpine [6]. 
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Abstract——Infrared and Raman spectra have been obtained for TiBr,. The infrared spectrum, 
which has not been reported previously, was measured from 185 to 3000 em~!. The Raman 
spectrum agrees well with that given earlier by DeELWAULLE and Francois. The vibrational 
fundamentals are, for 7’, symmetry, a, 229-5, 74-0, = 90-5 and 383 
agree with De_wavuLLe and Frawncots’ earlier assignments. Calculated thermodynamic 


These also 


properties and force constants are included. 


Introduction 
TiTaNIuM tetrabromide, TiBr,, is a yellow solid which melts at 39°C and boils 
at 230°C. It is hydrolyzed very rapidly in air, but can be handled easily in the 
absence of moisture. The melt is a clear yellow liquid which can be readily vapor- VOL. 
transferred in a vacuum. These properties, and its solubility in organic solvents, 16 
indicate that TiBr, is a covalent molecule. An electron diffraction study [1] has 1960 


shown that it is tetrahedral, with a Ti—Br distance of 2-31 + 0-02 A. 

The Raman spectrum of the liquid, with polarization measurements, has been 
obtained by DeLwacL_Le and Francois [2]. They found four Raman lines, and 
assigned them to the four fundamentals required by 7’, symmetry. Hg 5461 A 
excitation was used, and because of the poor dispersion of their spectrograph in 


this region they were uncertain whether the line near 390 cm~! is one very broad 
band or two separate ones. The infrared spectrum has not been reported heretofore. 


Experimental 

Origin and handling of the sample. The TiBr, was obtained from A. D. Mackay 
and Co. It had been prepared from 99-5 per cent titanium metal, and was purified 
by vacuum transfer before use, but the final purity is unknown. 

Raman spectrum. The photographie grating spectrograph which was used has 
been described previously [3]. The Raman spectrum of liquid TiBr, was first 
obtained with Hg 5461 A excitation. Na,CrO, and NdCl, solutions were used as 
filters, and the sample was kept molten by the heat of the ares. Because the 
sample became cloudy shortly after purification, the background was rather heavy, 
and halation around the exciting line made the positions of the two low-frequency 
taman lines uncertain. The spectrum was therefore also obtained with He 7065 A 


1. W. Lister and L. E. Surrox, Trans. Faraday Soc. 37, 393 (1941). 

[.-L. De-wavu Lie and F. Francois, Compt. rend. 220, 173 (1945); J. phys. radium 7, 15, 53 (1946). 
* A. Mriver and R. G. Inskeep, J. Chem. Phys. 18, 1519 (1950); F. A. Mriver, L. R. Cousms 
nd R. B. Hannan, Ibid. 23, 2127 (1955 
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Infrared and Raman spectra of titanium tetrabromide 


excitation. The helium source was a microwave-powered lamp described by Ham 
and Watsu [4]. No filters were used. This excitation gave a good, low-background 
spectrum, but the highest line (383-394 cm~!) was not observed for reasons which 
we do not understand. 

Kodak 103a-F and Kodak 1-N plates were used for the 5461 and 7065 A 


Table 1. Infrared and Raman spectra of TiBr, 


Raman (liq.) Infrared (liq.) 
DELWAULLE Assignment 
and FRANCOIS This work This work 
(em?) (em~!) Int. Int. 
74 74-0 e fund. vy 
M4 90-5 8 fo fund. vr, 
2 90-5 Is] 
235 pol. 229-5 10 ay fund Vy 
271 vw } 90-5 271-5 
321 m 229-5 90-5 320 
374 Ww 4 230 90 370 (7) 
387 384 383 vvst fund. 
399 304 7 aw 392 s, sht 229-5 90-5 74 394 
~402 vw, sh 383 90-5 74 399-5 
30 2 90 £10 (7) 
$55 m 383 74 £57 
72 m,sh 383 90-5 4173-5 
612-5 w 383 229-5 612-5 
629 vw, sh 230 90 74 629 (7) 
m, sh? 2 383 74 782 
2350 90-5 
796 m 230 (90-5) 704 
Ww weak; m medium: s strong: \ verv; sh shoulder 


* Peak just out of range of CsI cell 
+ See text for values in vapor and solution 
CS, solution 


excitation, respectively Exposure times with both sources were about | hr. 
Sample size was approximately 5 ml. Polarizations were not measured. because 
the data of DeLWAULLE and FRANCOIS appeared to be adequate. 

Our results are given in Table 1, together with those of DeELWAULLE and 
Francois for comparison. The agreement is fairly good. Our frequencies are 
believed to be accurate *o —2cm~!. The three low frequency lines were observed 
as both Stokes and anti-Stokes displacements from He 7065, as Stokes displace 
ments from Hg 5461, and as Stokes and/or anti-Stokes displacements from Hg 5770 
and 5791. ‘The broad line near 390 em-! was found only with Hg 5461. It 


[4] N.S. Ham and A. Wausu, Spectrochim. Acta 12, 88 (1958 
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remained broad even when photographed with a narrow slit.* However, the 
densitometer tracing then showed two overlapping bands with maxima at 384 
and 394 cm~! (see Fig. 2). 

Infrared spectrum. The infrared spectrum of the liquid was measured over the 
range 185-3000 cm~! (although no bands were found above 800 em ~'). The region 
185-350 em~!' was covered with a small single-beam grating instrument which 
has been described elsewhere |5|. Csl cells were used here. We were not successful 
in going below 185 cm~' because TiBr, reacts with polyethylene, and other suitable 
window materials (such as Teflon) are difficult to use with a molten, reactive solid. 


y 


Fig. 1. Infrared spec of TiBr,. A liquid, 0-60 mm cell; B = 0-093 mm; ¢ 
Db 0-093 mm; E CS, solution, 0-30 mm 


For the range 300-3000 em~' two instruments were employed: a Beckman IR-4 
spectrophotometer (double beam, double monochromator), and a Perkin-Elmer 
model 112 spectrometer (single beam, double pass). CsBr and NaCl optics were 
used with both. All cell filling was done in a dry box, and empty cells were carefully 
checked for residual absorption. 

The results are given in Table | and Fig. 1. Fig. 2 shows the rather complex 
behavior in the range 370-400 cm~! under different experimental conditions. The 
band near 390 cm~! is extremely intense, and its position was first determined in 


a CCl, solution. There the band at 390 cm ‘is sharp, and is definitely not a doublet. 


This was in poor agreement with the Raman results and was not very useful in 
explaining the higher summation frequencies It was difficult to obtaina sufficiently 
thin film of pure liquid without hydrolysis, but when this was done the band came 
at 383 cm~' with a shoulder at 392 cm~! and with additional weak absorptions at 
374 and 402 em~'. In order to obtain still further information the spectrum of the 
vapor was obtained in this region. A small amount of sample was placed in a 
heated gas cell and the cell warmed to just above the melting point of TiBr,. In 
the vapor there is only one band, centered at 382 em~', with a weak shoulder at 
approximately 394 cm~'. Thus the two Raman frequencies are confirmed in the 
infrared spectrum of both liquid and vapor 

The 796 em~! band is very asymmetric in the pure liquid and a component at 
781 em~' was resolved in CS, solution 


Our lit w } ch as a spectral slit wi of 5 em~', but in this special exposure 
the iestrument had an exit 
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Assignments 
Table 2 summarizes the normal vibrations of TiBr,, using HERZBERG’s conven 
tions [6]. It also gives our assignments, together with those which DELWAULLE 
and Francois deduced from their Raman study. Our results confirm the earlier 
work in all essential features. 
The polarized Raman line at 229-5 em~! is clearly due to the a, symmetric 
Ti—Br stretching vibration. The asymmetric stretch is both Raman and infrared 


y 


Fig. 2. Infrared and Raman bands of TiBr, near 390 em~! 


active, and is expected to be somewhat higher than the symmetric one; it surely 
must be 383 cm~!. This leaves 74 and 90-5 cm~ for the remaining e and /, funda 
mentals. We note that 90-5 is observed in numerous combination tones in the 
infrared, among which are 2 *« 90-5, 3 » 90-5, and 229-5 + 90-5. These three are 
allowed only if 90-5 is an f, frequency. Conversely 74 does not combine with the 
a, fundamental, but does do so with an f, one (74 + 383 $57). This is compatible 
with symmetry ¢ for 74 cm~!. The assignments are thus easily completed. 
Remaining bands. Possible explanations for the remaining bands are also 
included in Table 1. In the Raman spectrum there is only one other line, at 
394 em=!, which undoubtedly acquires its intensity by Fermi resonance with the 
fundamental at 384. It was necessary to postulate a ternary combination to 
account for a frequency at 394. In the infrared all the allowed binary sums have 
been observed except two: (a) 74 + 90 164, which is outside the region studied, 


6) G. Herzserc, Infrared and Raman Spectra of Polyatomic Molecules pp. 121, 139, 253 and 271 
Van Nostrand, New York (1945 
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and (b) 2 * 383 766. To explain the other infrared bands it has been necessary 


to use ternary and quaternary combinations. 


The complex of three bands around the very intense one at 353 cm ‘i 


“explained” in Table | in terms of combinations which have presumably acquired 


lable 2. Fundamental vibrations of nibBr, 


sVInmetry 


Assignment 


Activity 


cm 


Schematic dese ription 


rhis work D. and F. 


tch 


br str 


2 Degen. Ti—-Br deformation 74-0 74 
f 3 Degen. Ti-—Br stretch 383 387, 399 
I Br deformation OO-5 


intensity from the fundamental. Alternatively they may result from an isotope 


effect. The most abundant species of TiBr, is TiBr?‘Br3", whose symmetry really 


is (, Therefore the three-fold de generac\ assumed for the 383 fundamental is 


not strictly correct, and this may give rise to some of the additional bands. 


Furthermore the two species TiBr;‘ Br®* and TiBr Br’ are each about two-thirds 


S710 76-00 
24-78 S200 S1-00 102-3 
503 25-15 LO.775 86-70 108-1 
13,230 00-55 112-7 


as abundant as the most prevalent form. Since their symmetry is C;,, there is the 


possi bi itv that tl ey may absorb at still different frequencies. 


Alth« h we are not at all certain about the origins of some of these extra bands, 


we feel that there is absolutely no questior about the fundamentals. The infrared 


results in particular provide convincing support for the correctness of DELWAULLE 


and FRANCOIS original assignments. 


Thermodynamic properties 


The thermodynamic properties of TiBr, have been tabulated at four tempera- 


tures by standard methods [7]. The values are given in Table 3; they refer to the 


"1G. Herz ‘ Ini re ; Raman Spectra of Polyatomic Molecules pp 513-522 Van Nostrand, 
New 


a 
Species No 
Raman Ik 
a Sym. Ti 229-5 235 
lable 3. Calculated thermodynamic properties of TiBr, (ideal gas, 1 atm) ; 
remy H E. E,°)/1 
IN cal-deg™!-mole™! cal-mole! 
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ideal gas at one atmosphere. Implicit assumptions are that the vibrations are 
harmonic, that vibration and rotation are independent and that liquid-state 
frequencies may be used. (The fact that », is 383 em~'! in the liquid and 382 em~! 
in the vapor makes this reasonable.) The moment of inertia was taken to be 1137 
atomic mass units 
Force constants 

Because there has been considerable interest in the force constants of tetra 
hedral molecules, we have calculated them for TiBr, for the case of simple valence 
forces. The equations are given by Herzpere [8]. There are only two force 
constants, which are easily evaluated from the frequencies », and v,. We find: 


k(Ti—Br stretching) — 2-48 10° dyn/em 
Br—Ti—Br deformation) = 0-0859 10° dyn/em 


These can be tested by calculating v, and v,. One obtains: 


Caled. Obsvd. Error 


Thus they are not very trustworthy. Herrzpere [8] gives these same constants 
for many other molecules so that one can make direct comparisons. 


We have not employed any of the numerous other potential functions that have 


been proposed for tetrahedral molecules. 
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Abstract h é if the carbonyl stretching mode and of the ¢ ( ( asymmetric 
stretching onl acetone have been measured in more than thirty diverse solvents. It was 


found that que ies varied almost linearly with a solvent function of the form 
ot 1)R) 


or @& parti ilar solute mode chosen to obtain the best fit to the experl- 


a solvent lependent radius obtained by equating tol o to the solvent 


vable t many other similar solvent functions would fit these results 
A< mparison was also made between the frequency shifts for these 
results supporting the predictions of the dielectric-type theory. In 


contribution of the solvent orientation polarization to the 
which suggests that local interaction between the solute 
the solvent molecules immediately adjacent to it was not the 


{and that deeper interaction with the solvent sheath played a 


Introduction 

RECENTLY several papers have been published concerning the theory of the change 
of vibrational frequency of a solute molecule on passing from the vapour to the 
1-3). These papers, though differing in emphasis and method, agree 
that the solution frequency shift Av, defined as r(vapour) y(solution), is a function 
both of the solute and solvent properties and all make use of, to differing extents, 
bulk” properties of the solvent, such as dielectric constant, refractive index, etc. 
Recently, scepticism has been expressed about the possibility of finding a function 
of the bulk solvent properties which would adequately express the effect of the 
‘nt in shifting solute frequencies: to obtain information on this point we have 
‘rmined accurately the frequencies of the vy, and vy, modes of acetone (the 
carbonyl stretching mode at ~1720 em~! and the C—C—C asymmetric stretching 
at ~1220 cm™!, respectively) in more than thirty solvents. The object of 
this paper is to discuss these results and to use them to show to what extent one 
can represent the effect of the solvent on solute vibrational frequencies in terms 

of solvent bulk properties. 


General considerations 


| have previously suggested [3, 4] that an approach to the problem of frequency 


shifts in solution based on the over-simple model of a point dipole in a continuous 

dielectric medium can be useful in focusing attention on the effect of differing 
t. Compt. rend 244. 1749 (1957 

Soc. A248, 169 (1958). 


ieta 18, 125 (1958). 
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solute parameters on the frequency shifts, and that in certain limited cases this 
model may be an adequate representation of the role of the solvent. The first 
theory of solution frequency shifts put forward by BAvER and MaGart [5] postulated 
a point dipole at the centre of a spherical cavity of radius a in a continuous di 
electric.* Frequency shifts were given by the product e(¢ 1)/2(¢ |) where 
e was determined by the solute and ¢ was the dielectric constant of the solvent. 
There have been numerous attempts to verify this relation. It seems clear that 
it breaks down entirely when applied to hydrogenic vibrations when there is any 
possibility of hydrogen bonding taking place. BELLAMy and his co-workers have 
shown [6] that solution frequency shifts of hydrogenic modes can be best under 
stood. as far as the influence of the solute is concerned, in terms of the degree of 
acidity of the hydrogen atom involved in the vibration. For cases where hydrogen 
bonding can be excluded and for non-polar solvents the BavER—MaGart theory 
appears to predict shifts of approximately the correct magnitude. A recent refine 
ment of this theory [1] is also claimed to account for the relative magnitude of the 
shifts in different non-polar solvents. 

A recent extension [3] of the dielectric theory of solution frequency shifts 
suggests that the effect of the solvent on the solute frequencies, in so far as the 
solvent can be represented as a dielectric medium, can be split up into three 
distinct components [4]. It will be convenient to call these the distortion effect, 
the intensity effect and the overtone effect. These three effects correspond res 
pectively to the first, third and fourth terms on the right-hand side of equation (14) 
and to the second, first and third terms of equation (22) of reference [3]. There 


are also corresponding terms in equation (5.3) of reference {2]. The distortion 
effect is the effect on the frequency arising from the permanent distortion of the 
polar solute molecule, relative to its vapour phase configuration, in a dielectric 
medium. The polar solute molecule is polarized by its own reaction field and bond 
lengths and angles are altered depending on the relative values and directions 
of the molecular dipole moment and its spatial derivatives. Dielectric theory 
predicts that this effect should depend on the dielectric constant ¢ of the medium. 
The distortion effect can operate either to raise or lower frequencies relative to 
the vapour-phase value, depending on the solute parameters The intensity effect, 
however, should always operate to decrease frequencies in solution, relative to the 


vapour-phase value and should be proportional inter alia to the band intensity, 


and also to a function of n* where » is the solvent refractive index. Dielectric 
theory indicates that » should be the value of the refractive index for the frequency 
of vibration in question. This may not be so, however, for real solvents. This 
point is discussed below. The overtone effect operates somewhat similarly and 
depends on »* but can either raise or lower frequencies. In practice, sufficient 
data will rarely be available to say anything about the magnitude or even sign of 
this effect. 

Recently it was suggested [3] on the basis of some detailed comparisons of 
observed and calculated frequency shifts that better agreement could be obtained 


* Theories of solvent shifts of this general type will be referred to as dielectric theories. 


51 E. Baver and M. Magar, J. Phys. VIL, 9, 329 (1938) 
6| L. J. H. E. and R. L. Trans. Faraday Soc. §4, 1120 (1958). 
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by calculating the quantity a~* (the reciprocal of the cavity radius cubed) appearing 
in the dielectric theory of the effect from the so/vent molar volume or from the mean 
of the solvent and solute molar volumes, so that the part played by the solvent 
in determining frequency shifts would now depend, for non-polar solvents, on 
(n* 1)/(2n? |)a’* where a’ is the new solvent-dependent cavity radius. 


Detailed considerations 

Most probably other forces not included in the dielectric approach—such as 
dispersion forces—affect frequencies in the condensed phase so that, if allowance 
is made for dielectric effects by finding their dependence on n? and ¢ and extrapo- 
lating back to ¢ n* | the frequency v® obtained will not be the vapour 
phase frequency. It will be convenient to detine a quantity Av’ y? v(solution). 
For simplicity it will also be convenient to forget the contribution of the overtone 
effect and consider only the distortion and intensity effects. To the approximations 
being used this involves no error in method since the overtone and intensity 
effects both depend on x? so that effects later attributed to the intensity effect may 
be due partly to the overtone effect. Because there is insufficient data on refractive 
indices in the infra-red region the variation of refractive index with frequency will 
not be taken into account. In the calculations below, n,?° values have been used. 


The application of the considerations of the previous section to non-polar solvents 


can be summarized in the equation: 


Av’ = A'f(n®, V) + A%fi(r, V) (1) 


where A‘ and A“ are constants for a given solute mode and the superscripts refer 
to the intensity and distortion effects, respectively. The assumption has been 
made that for non-polar solvents the functional dependence of these two effects 
on the solvent parameters is the same. Equation (1) is in effect a generalized and 
simplified form of equation (14) of reference [3], with only the first and third terms 
taken into account, and with the possibility that the solvent molar volume may be 
important explicitly allowed for. For polar solvents where e may be considerably 
greater than n* there is the probability that the distortion-effect contribution will 
not be as large as would be expected from (1) for non-polar solvents, due to 
dielectric saturation and to the short range nature of dipolar forces (this point is 
discussed below). Accordingly it will be supposed that the excess of ¢ over n? is 
only partly effective so that for polar solvents* 

Ai A'fin®, V) A%fin?®, V) rA% fir, V) fin®, 


where | 


For simplicity it will be assumed that r is a constant, though other assumptions, 


such as that r decreases with increasing value of (¢ n*), are possible. Equation 
(2) can be rewritten 


Ay’ Bf(n®, V) + Cif(e, V) — f(n®, V)} (3) 


* Similar equations to (2) for frequency shifts in polar solvents are to be found in the paper by 
BvucKINGHAM [2 Bay.iss et al. {7| have suggested that the orientation polarization in polar solvents 


has some additional effect on the fre quency shifts 


[7] N.S. Bayuiss, A. R. H. Coie and L. H. Lirrie, Australian J. Chem. 8, 26 (1955) 
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where B and C are again constants for a particular vibrational mode and are given 
by 
(4) 


(5) 


At this stage it is useful to discuss the application of (3) to the present experimental 
results in order to fix the functional form f(n?, V) that best fits the results. It 
will be simplest to discuss first the carbonyl frequency. The experimental results 
are set out in Table 1. The experimental details are described in the last section 
of this paper. As a consequence of previous work the carbony] frequencies were 
plotted against the functions 
(n* 1)/(2m? +- 1), 1)/(2n? , (n* 1)/(2n? + 
and 
(n* 1)/(2n* 


where V’, |} and JV* are respectively, the solvent molar volume, the arithmetic- 


mean molar volume of the solute (acetone) and solvent, and the geometric-mean 
molar volume of solute and solvent. It was found that if no dependence on V was 
assumed only a poor correlation was obtained, while in using V itself too great a 
compensation was being made for the effect of the different relative solvent molar 
volumes. This was avoided by using the mean molar volume of solute and solvent, 
the geometric mean being preferred as otherwise too great a compensation for the 
large molar volumes of solvents like n-decane and hexachlorobutadiene was made. 
It is obvious, however, that any function of the solvent molar volume that gives 
about the same weight to the relative molar volumes of the solvents would do 
equally well. As being probably more fundamental the mean “molar” solvent 
radius R detined by V 7h*/3 was used, and the frequencies plotted against 
the function (n? L)/(2n? 1)R. This plot is shown in Fig. |. The line drawn 
has slight curvature. The plot of vy, against (n* 1)/(2n? 1) is included (Fig. 2) 
for comparison. A similar plot to Fig. | for v,, the ~1220 cm~! vibration of acetone, 
is considerably less satisfactory. This was a further indication of the need to take 
into account the dielectric constant of the solvent by using some such function as 
(3). It has been noted in previous papers |3, 4, 8] that the shifts of vy, and », of 
acetone with non-polar solvents are in opposite directions, », increasing with 
increasing solvent function. Since (disregarding the overtone effect) only the 
distortion effect depending on e can cause increasing frequencies with increasing 
solvent function, this is a pointer to the importance of the distortion effect in this 
case, and thus of the need to consider the dielectric constant explicitly as in (3). 
Accordingly v, and », were plotted against the function 


where I. 
Plots were made with b = 0, jy, } and 4. In the case of vy, there was little to choose 


between the plots using 0. b and b but appeared to give 


8} A. D. E. Puri and J. M. Pottock, Trans. Faraday Soc. 54, 11 (1958). 
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Solution frequency shift and solvent refractive index 
marginally the best plot. This is shown in Fig. 3. The plot with b = 4 had notice- 
ably more scatter, the solvent function values for the polar solvents nitromethane, 
methyl cyanide, ether and liquid acetone being too great in comparison with the 
non-polar or weakly polar solvents giving about the same solvent shifts. For Vs 
the corresponding results were that there was little to choose between the plots 
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Fig. 1. Frequency of the carbonyl stretching mode of acetone, v., for solutions in various 


solvents as a function of solvent properties n is the solvent refractive index. FP is pro- 
portional to the cube root of the solvent molar volume. The co ordinates of the poimt 
for the solution in bromine are indicated. 


with b = 4, 6 =} and b = } though the plot with b = } seemed marginally the 
best. This is shown in Fig. 4.* However, the plot with 6 = 0 showed a markedly 
greater scatter. Thus a significantly greater ) value is required for the v, plot. 


This supports the theory put forward above since it can be shown by means of this 
that one would expect ) for », to be greater than for Vo. 


Applying (2) to the case of », we have: 
Av,’ A ,if(n’, V) Af fi(n?, V) fle, - fin’, V) 
By fin’, V’) Ciifle, V) f(n?, V) 8) 
Since v, increases with increasing f(n*® V), Av’, is negative and hence B, is negative. Since 


* It is curious that in both Fig. 3 and Fig. 4 (and in Fig. 5, see below) the point for carbon disulphide 
falls well off the line for the other solvents 
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A,‘ must be positive, 1,” is negative with A, A,'. Also C, is negative. Similar arguments 
indicate that B, is positive and from what is known of the polarity of the carbonyl bond A. 


is almost certainly positive [3]. From a comparison of (3) and (6) 


B 
A’) 


Making the reasonable assumption that r has about the same value for both vr, and v, it follows 
from the dissimilarity of signs of i,é and A,‘ and the similarity of signs of A,* and A,* that 
B, Us B, 
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\ further type of plot is also possible, namely the plot of vy, against v, for the 

same solvents. It is useful to consider this type of plot in a general way for two 

Firstly, as will be shown, this type of plot can give confirmation of the 

veneral ideas formulated above and in previous papers about the role of the solute 

in determining frequency shifts, in a manner nearly independent of the functional 

fort if the solvent function, and secondly because plots of this type are becoming 

frequently used and it is useful to consider from the standpoint of dielectric theory 
what resuits one would ¢ xpect to obtain 

The condition that the plot of », the frequency of a vibrational mode / against 

y, the frequency of a vibrational mode k should be a straight line is (as long as 


only dielectric effects need be considered) that Ayv’,/Av’, should be constant. 
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From (3) we have 


Ay,’ B,f(n?, V) fle, V) f(n?, V)} 


Av,’  B,f(n®, V) + O,ffle, V) — fin®, V)} 
1725 


(9) 


ACETONE FREQUENCY 


SOLVENT FUNC TION——> 


Fig. 3. Frequency of the carbonyl! stretching mode of acetone, v,, for solutions in various 
solvents as a function of solvent properties. The solvent function is similar to that of 
Fig 1 except that it includes a small additional term in the solvent dielectric constant 
The co-ordinates of the point for the solution in bromine are indicated 


Since for non-polar solvents ¢ ~ n*, a straight line should always be obtained 
for these in this type of plot. For polar solvents a straight line will be obtained if 


or (A,' (10) 


This is likely to be at least approximately true for related modes like the carbonyl! 
vibrations of two ketones. The conditions, in terms of molecular parameters, for 
(10) to hold can be found by comparing the appropriate corresponding equations 
of this paper and of reference [3]. In passing it may be noted that for non-polar 
solutes for which only the intensity effect can operate, straight lines for this type 
of plot should always be obtained. It does not follow, of course, that the dielectric 
theory approach predicts lines of 45° slope when the frequencies of two modes are 
plotted against each other as has sometimes been stated. 


If both non-polar and polar solvents are represented in this type of plot then 


the non-polar solvents can be used to define a straight line. The deviations 6 
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of the points for the non-polar solvents from this straight line are then given by 
co-ordinate geometry as 


BLC V fin®, V)! 
\ |B? 


(11) 
From (11) we have that the deviations are zero if B,C, B,C, in agreement with 


the previous result and that the deviations will be large if BC, and B,C, (or 
B,/B, and C,/C,) have opposite sign. Although these latter conditions are not 


ACETONE FREQUENCY ¥, 


SOLVENT FUNCTION——> 


Fre juency the ( asymmetric stretching frequency of acetone, tor 

ns in vari olvents as a function of solvent properties. The solvent function is 

» that of Fig. 3 except that the contribution of the term in the solvent dielectri 

is larger. Solvents giving points markedly off the line are indicated. The point 
for the solution in bromine ts uncertain 


fulfilled by vy, and v, of acetone, deviations of the polar points from the “best” 
line through the non-polar points are significant. Fig. 5 shows the plot of v, against 
vy. The scatter of some of the non-polar points is outside the range of probable 
error. As indicated below there is some uncertainty about v, for acetone in bromine. 
Fig. 6 shows the deviations of the points for polar solvents from the non-polar line 


plotted against the function 
L)/(2e + 1)/(2n* 1)R! 


In view of the cumulative effects of the inaccuracies of measurement and the 
approximations of the theory the result is fairly satisfactory. An attempt was 
made to use data obtained from the slopes of plots (3) and (4) together with the 6 
values of ,, and }, respectively, used in these to calculate the slope of the plot in 
Fig. 5 by using (11). A result of the right order of magnitude was obtained but 
the values of 4 (which are necessary to calculate the values of C in (11)) are so 
indefinite as to make this application of (11) practically valueless. It would be 
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FREQUENCY 


AC ETONE 


—— ACETONE FREQUENCY J, cm > 
Fig. 5. Frequencies vy, and vy, of acetone for solutions in various solvents plotted against 
each other. Open circles are for non-polar solvents. The line drawn is that defined by the 
non-polar solvents. 


useful to be able to use (11) in this way since the value of } that it was necessary to 
use for plots of the type of Figs. 3 and 4 was found to vary with the weight given 
to the solvent molar volume, or quantity derived from it, in the solvent function. 
Use of (11) would provide in effect an additional relation to determine the 6 values 
which would be little affected by the solvent function assumed. 


Discussion 
It is suggested that these results establish three main points: 
(a) That for the solute studied it is possible to represent, at least roughly, the 
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frequency shifts in a series of diverse solvents as a smoothly varving near-linear 


function of bulk solvent properties. 

(b) That at least part of the interaction responsible for the frequency shifts 
has sufficient range for orientation polarization in polar solvents to be appreciable, 
as indicated by the role of the dielectric constants of polar solvents in determining 
the shift. 

(c) That the dipole—dielectric model is sufficiently realistic to indicate ways of 


correlating the experimental data. 


+6 


NEVIATION , 


Fig. 6. Deviations (in cm~') measured from Fig. 5 of the points for acetone solutions in 
polar solvents from the line defined by solutions in non-polar solvents plotted against a 
function of solvent parameters. See text, especially (11). 


It is useful, however, to keep in mind the physical situation of the solute 
molecule in the dilute solution. It has been pointed out [9] that since the electro- 
static field of a point dipole varies as /~*, where / is the distance from the point 
dipole, compared with the /~' variation from a single pole, one should not expect a 


; theory employing bulk solvent properties to be anything like as successful in 
, accounting for dipolar effects as for mono-polar effects, (ions in solution), since the 
field of the dipole penetrates less deeply into the solvent. Though this is perhaps too 
; pessimistic a view since molecules possess real and not point dipoles, with the 

centres of positive and negative charges separated by distances of the order of one 
Angstrom so that the field will not everywhere fall off as steeply as /-°, it does 
suggest that it might be profitable to try to account for the (nm? — 1)/(2n? + 1)R 
d relation in terms of atomic refractions and atomic radii of the surface atoms of the 
molecules of the solvent. It seems plausible that this empirical solvent function 


may result from some combination of the varying atomic refractions, surface 


areas, etc., of the atoms constituting the solvent molecules.* A related considera 
tion is that owing to the limited range of dipolar forces the refractive index at the 


* Solvent molar volumes may also enter in by influencing how closely the solvent molecules can pack 
around the solute « hromophore 


9) C. A. Coutson, Proc. Roy. Soc. In press. 


é 
. 
. 
d 
. 
. 
é . 
. 
2 S x IO 
19060 
| 
% 
2 
99 
oa 
| 


Solution frequency shift and solvent refractive index 


solute vibration frequency may not be the most suitable value to take for calculat 
ing the contribution of the intensity effect. The variation of the solvent refractive 
index in the infra-red region arises from resonant changes of bond distances and 
angles at certain frequencies. However, if the electrostatic field of the solute 
molecule does not extend sufficiently deeply to affect several atoms of each solvent 
molecule simultaneously these changes of interatomic distances, etc., will not be 
brought fully into play. 

While the results presented are believed to indicate that the interaction 
determining frequency shifts is not only of a short range character as stated under 
(b), the apparent importance of the solvent refractive index is probably not in 
compatible with a considerable contribution to the frequency shift from short 
range interaction of the vibrational chromophore of the solute molecule with those 
parts of the solvent molecule immediately adjacent to it. It follows from general 
statistical considerations that the chromophore will not be associated markedly 
more on the average with one part of the solvent molecules (e.g. the —CH, group 
of methyl] chloroform rather than the —CCl, group) unless the difference of energy 
of interaction of the chromophore with the two parts is of the order of k7' or more, 
and that the more specific the orientation required for interaction the greater the 
resulting decrease of potential energy must be. Thus we may envisage that some 
of the solute chromophores may be adjacent during a largish number of vibrational 
cycles to, say, the —CH, part of methyl chloroform and absorbing at a slightly 
different frequency to others adjacent to the —CCl, part. However, the two 
component bands contributed by solute molecules in these two (rather idealized) 
situations to the overall absorption envelope should be of the same order of width 
as the difference of frequencies of these two supposed components,* so that the 
position of the resulting band maximum would be intermediate between the 
absorption positions of either. Thus the use of some function of the refractive index 
that indicates a mean refractivity value for the whole molecule (i.e. of both the 

CH, and of the —CCl, group in this example) may correlate well with the ob 
served frequency shift. Clearly, similar considerations could apply to other solvents. 

A more direct result of these measurements and one having a bearing on forces 
operative other than those discussed in this paper is that the frequency of », 
extrapolated for n® = « | is ~1202 em~! while the centre of the vapour-phase 
band is at ~1218 em~!. That the extrapolation back to n* = e | does not give 
the vapour-phase frequency has been noted a number of times previously (see 
for example Bay iss ef al. [10]). The explanation may be connected with disper 
sion forces or possibly due to changes of molecular geometry resulting in a change 
of the character of the normal modes on condensation [5]. 


Experimental 
The observed frequencies of band maxima and some relevant solvent properties are collected 
in Table 1. Purest samples of the solvents available to us were used. A number of solvents were 
distilled before use at atmospheric or reduced pressure, precautions being taken to exclude 


* Cf. band half-intensity widths and frequency shifts of carbonyl vibrations quoted by Bay iss 
et al. [7] especially for those solvents providing a homogeneous environment such as carbon tetrachloride 


and paraffins. 


[10] N. 8. Bayuiss, A. R. H. Coie and L. H. Spectrochim. Acta 15, 12 (1959) 
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moisture. Frequency measurements were made as soon as possible after purification. Diethyl! 
ether, furan, propylene oxide and carbon disulphide were fractionated through a 12-in. column 
and fractions boiling within less than 0-2°C were used for the acetone solutions. The dimethyl 
sulphoxide sample had been fractionated at reduced pressure previously and was redistilled at 
reduced pressure and the middle third collected for use. Methylene iodide and o-dichlorobenzene 
were distilled at reduced pressure and the middle third collected for use. Phosphorus oxychloride 
was distilled at atmospheric pressure and the middle third used. p-Dioxane was distilled off 
sodium, and bromoform was purified chemically and dried before distillation at reduced pressure. 
The measurements otf the frequencies in liquid bromine are less reliable. These were repeated 
several times. There appeared to be fairly rapid reaction between the bromine and acetone and 
the spectrum of acetone between 5 « and 14 «4 was recorded with some additional bands. Least 
reaction was observed when Analar bromine was distilled off concentrated sulphuric acid and the 
middle fraction used in an infra-red cell with Teflon inlet and outlet ports and a Teflon spacer. 
vo was recorded within about } min of making up the solution. There is more doubt about the 
correctness of the value for vy, in bromine. Solutions were made up to 1 per cent by volume and 
0-l-mm cells were used. In some cases lower solute concentrations were used as well and 
sometimes the absorption scale was expanded by partly closing off the reference beam and 
appropriately increasing the source intensity. Frequencies measured were of band maxima, that 
meaning the mean frequency over the smallest region of the band maximum sufficient to 
eliminate errors due to noise. Spectra were recorded with a Perkin-Elmer 21 spectrophotometer 


using a rocksalt prism. The slit schedule was 927 and spectra were recorded on a linear wave- 
] 


number scale at a chart dispersion of 2 mm/cm~!. Two or three ammonia or water calibration 
bands were recorded on the same chart before and/or after each band recorded. Usually this 


procedure was repeat d several times for each band. Water vapour calibration bands used were 


assigned frequencies of 1718-5 and 1700-0 em™!. Ammonia bands used were assigned frequencies 
of 1231-0 and 1213-0 em™!. Frequencies of band maxima were found by linear interpolation. 
The calibration over a wider frequency range in these two regions was checked periodically. 
Many of the measurements were repeated after an interval of sev eral months. It is believed that 
the probable relative error of the frequencies recorded is in the region of half a wave-number. 

In addition to the rv, and v, frequencies of acetone in pure solvents, frequencies were deter- 
mined of acetone in a supersaturated solution of carbon tetrabromide in carbon tetrachloride 
and of acetone in several solutions of carbon tetrabromide in sym.-tetrabromoethane (64 per 
cent and 36 per cent mole fraction of carbon tetrabromide). Acetone frequencies in these 
differed verv little from that in sym.-tetrabromoethane itself and from these results estimated 
frequencies in pure carbon tetrabromide were obtained. 

lhe remaining data for Table 1 was calculated mainly from the compilation of WEISSBERGER 
et al. {11}. In a few cases densities and dielectric constants were measured. The dielectric 
constant of dimethyl sulphoxide was estimated from the known dipole moments of other sulpho- 
oxides [12] and related data, as our sample had too great a dielectric loss for its dielectric con- 
stant to be measured successfully. 


11 { WEISSBERGER al Te sues of Organic Chemistry Vol. \ Il. Organic Solvents. Interscience 


Pub ers, New York (1956 
12) Comper and 8S. WALKER, Trans. Faraday Soc. §2, 139 (1956 
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Spectrographic determination of Hf/Zr ratios 


G. Rosst 
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Abstract 


single exposure it is possible to cover the concentration range of 100 - Hf/Zr from 0-1 to 100. 


A spectrographic method is described for determining hafnium in zirconium. With a 


The oxides mixed with a buffer, are excited by a d.c. 20-A are and the spectrum recorded with 
a large quartz prism spectrograph. The hafnium concentration is determined from the intensity 
ratio of the line pairs Hf IT 2641-4/Zr IT 2856-06 and Hf I 2779-36/Zr I 2792-04 with coefficients 
of variation 2-6 per cent and 1-97 per cent, respectively. 


HaArnivo is invariably associated with zirconium and, owing to its high neutron 
cross-section, must be separated from zirconium when used for nuclear purposes. 

Studies on chemical separation of the two metals are in progress in our labora- 
tories; therefore it was necessary to develop a suitable method for the determina- 
tion of their ratios. 

The unique similarity of the chemical behaviour of hafnium and zirconium, 
makes the traditional analytical procedures quite ineffective. At high concentra- 
tions of hafnium, methods based on the effect of the Hf/Zr ratio on a gravimetric 
conversion factor, give good results. At low concentrations (at least 0-5 per cent), 
X-ray spectrometric analysis provides accurate values. 

Optical spectral methods have the advantage of broad applicability, rapidity 
and good accuracy for practical purposes. 

Many authors have described spectrographic methods [1—8] but few [1, 4, 5, 8] 
have used d.c. are excitation; moreover, their methods are suitable for hafnium 
determination in concentration ranges too narrow for our purposes. It was our aim 
to develop a d.c. are spectrographic method to cover the range 100 . Hf/Zr 0-1 
to 100 by weight. 

Zirconium oxide is a very refractory material: this creates great difficulties in 
spectrographic analysis. As regards the order of distillation of refractory oxides 
in the electric are column, zirconium oxide lies just before thorium oxide, the least 
volatile of all of them [9]. Zirconium oxide vaporization needs high currents thus 
producing a heavy background; this background is also reinforced by stray light 
from hot particles sputtered from the electrode crater. Moreover zirconium and 
hafnium do not follow the same distillation curve, hafnium having the tendency 
to distil slightly before zirconium oxide. 


|] D. M. Mortrmore and L. A. Nose, Anal. Chem. 25, 296 (1953). 
[2] C. Fetpman, Anal. Chem. 21, 1211 (1949). 
{3} V. A. Fasset, J. Opt. Soc. Am. 40, 742 (1950). 


[4] A. B. Coanpier, J. Opt. Soc. Am. 40, 262, A/49 (1950). 

[5] D. D. and E. J. Sprrzer, AEC D 2924 (1950). 

(6) E. V. Gusyazkaya and A. K. Rusanov, Zhur. Anal. Khim. 10, 75 (1955). 

[7] G. Kryucer, R. R. SHvanorrapze and T. A. Mozzovaya, Zhur. Anal. Khim, 10, 20 (1955). 
[8] R. K. Daumwap and M. D. Kargwanavata, Anal. Chim. Acta 15, 87 (1956). 

[9] W. M. R. Morr, Trans. Am. Electrochem. Soc. 37, 20 (1920). 
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To obviate these troubles many mixtures of oxides with graphite and oxides 
with graphite and buffers were tried. As buffers calcium pyrophosphate, calcium 
fluoride, barium fluoride, sodium pyrophosphate and lithium fluoride were used. 

Extensive moving-plate studies showed that best results were obtained with a 
mixture of oxide with graphite and barium fluoride in the ratio 4: 1: 1. 

Various types of cups were tested in attempts to reach good sensitivity and 


steadiness. The 6-35-mm pedestal type cup 19-5 mm long, outlined in Fig. 1, was 


finally selected. 


¢ 6.35 


les for the determination of Hf/Zr ratios 


This cup, obtained with the a.r.|. electrode-shaper, allows the highest and most 
uniiorm temperature to be reached inside the crater thus avoiding are wandering 
und irregular vaporization. A steady burning is obtained with a charge of 10 mg 
of oxides and 5 mg of buffer (graphite plus barium fluoride | : 1) at a 20 A current, 
lasting 60 se« 

(‘urrent iigher than 20 A will produce irregular discharges thus increasing 
backgroul nsity without a corresponding increase of sensitivity. 

nship of Hf line and Zr line intensity ratio vs. discharge time is 
shown in Figs. 2 and 3 

It can be seen that the emission is divided into three different periods. In the 

first one, lasting 20 sec, a greater vaporization of hafnium than zirconium takes 
reasing the ratio of their intensity. Moreover, a heavy background 

ther with the distillation of the impurity casually present in the 

During the next : *, Le. the second period, hafnium and zirconium 

follow the same distillation curve thus giving quite a constant intensity ratio. 
Finally in the third period (the last 10 sec) their intensity ratio becomes extremely 


variable 
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Spectrographic determination of Hf/Zr ratios 


By selecting an exposure time between 20 and 50 see of the discharge, it is 


possible to have spectra relatively free from background and with a constant 
intensity ratio. 
Experimental procedure 

Preparation of standard samples 

Stock solutions were prepared by separately dissolving known amounts of reactor-grade 
zirconium sponge (nuclear purity, Heraeus Co., Hanau) and Specpure hafnium oxide (Johnson, 
Matthey & Co., London) in hydrofluoric acid, evaporating until fumes are evolved with con- 
centrated sulphuric acid, then diluting with water to a definite volume. 


} 


2641.4 
2856.06 
2779.36 


Hf 


1 
0 0 20 30 40 SO 6&0 70 
Time seconds Time seconds 
Fig. 2. Relationship of Hf 2641-4 and Fig. 3. Relationship of Hf 2779-36 and 
Zr 2856-06 intensity ratio vs. discharge Zr 2792-04 intensity ratio vs. discharge 
time. 100 - Hf/Zr 100. time. 100 - Hf/Zr 100. 


The two solutions were standardized by triplicate titrations with EDTA. Exactly measured 
quantities of each solution were mixed together, and zirconium ynd hafnium hydroxides precipi- 
tated with ammonia. The hydroxides were filtered, oven dried and converted to oxides by 
igniting in a muffle for 90 min at 900°C. 

Seven standards were thus prepared containing proportions of: 100+ Hf/Zr = 0-1, 0- 

3, 10, 30, 100 by weight. 

In preparing these mixtures correction was applied for the zirconium content in hafnium 
oxide (2 per cent, stated by the supplying firm); zirconium sponge was known to contain about 
80 p.p.m. of hafnium but this impurity was neglected owing to the very small error introduced. 

Portions (100 mg) of each sample were thoroughly mixed in an agate mortar with 50 mg of 
buffer (graphite plus barium fluoride, 1 : 1); a 15-mg aliquot was weighed with a torsion balance, 
transferred into the electrode crater and gently tamped with a glass rod. 


Operating Conditions 

Spectrograph Hilger quartz large Littrow E 492 

Wavelength range (A) 2360-3240 

Focus Source focused on a diaphragm placed at 38 em from the slit; this 
imaged on the collimator by a spherical lens on the slit 

Slit width (mm) 0-02 

Electrodes National special graphite spectroscopic electrodes (see Fig. 1) 

Are gap (mm) 3 

Excitation source D.C. are 130V, 20A 

Pre-arcing period (sec) 20 

Exposure (sec) 30 

Plates Kodak 8S.A., no. I 

Development 3 min at 20°C in Kodak D-19b 

Line pairs Hf Il 2641-4/Zr IT 2856-06; Hf I 2779-36/Zr I 2792-04 

Densitometer Hilger recording microphotometer H 825 with Brown Honeywell 
recorder 
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Spectrographic determination of Hf/Zr ratios 


Selection of line pairs 


An accurate search was made for line pairs suitable for covering the fixed concentration 
range, having regard mainly to the possibility of interference from extraneous elements, the 
spectral background near the lines and the intensity of the lines. With the experimental condi- 
tions outlined, the line pair Hf Il 2641-4/Zr Il 2856-06 for 100 - Hf/Zr 0-1 to 10 and Hf I 
2779-36/Zr L 2792-04 for 100 - Hf/Zr 1 to 100, were found most suitable. 

For the construction of the working curves, the self-calibrating method was preferred [10]. 
Each sample was arced and the spectrum recorded using a seven-step rotating sector with a step 
ratio 2: 1. By using the Seidel function [11, 12] a partial characteristic curve for three or four 
steps is drawn for each hafnium and zirconium line, those steps being read which have a trans- 
mission between 5 and 40 per cent. 

For 100- Hf/Zr 0-1, only the first st« p of the Hf line was read and the characteristic 
curve, parallel to the other Hf curves, was drawn through the point obtained 

At an opacity value 10, the relative exposure ratio is read off from the separation of the 
hafnium and zirconium characteristic curves. Background correction was unnecessary because 
its transmission in the darkest step near the line measured, ranged between 60 and 70 per cent 
The two working curves, for 100 - Hf/Zr 0-1 to 10 and 1 to 100, are drawn in Figs. 4 and 5. 


Six determinations were made for each sample. Mean coefficients of variation of 2-6 per cent 


and 1-97 per cent were obtained for the two curves, respectively. 


icknowledgement——Thanks are given to Mr. G. Ranzint for his helpful aid in performing this 


work. 


10} L. H. Anrens, Spectrochemical Analysis p. 136 Addison-Wesley, New York (1954). 
11| M. Honersicer and H. Kaiser, Spectrochim. Acta 2, 396 (1944 
12) H. Kaiser, Spectrochim. Acta 3, 159 (1949 
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Abstract. The carbony! frequencies of 4-pyridones are normally assigned to the 1650 em ! region 
but theoretical considerations suggest that much lower values are to be expected. By the use of 
solvent shifts it has now been shown that the true carbonyl absorption occurs near 1590 cm , 


and that the 1650 em~-! band is due to some less polar group such as the C=C links. In 2- 


pyridones this situation is reversed and the carbonyl group absorbs at the higher frequency. 


The reasons for this are discussed 


Introduction 


Ix a recent review |1] we have drawn attention to the very low carbonyl frequencies 
(ca. 1600 em~') of 4-pyrones and thiapyrones. It is suggested that this is due to 
the fact that the evelic heteroatom carries a lone pair of electrons which are par 
tially delocalized over the ring to give a pseudoaromatic structure. The effective 
contribution of polar canonical forms such as (1) is therefore increased. A major 


difficulty in this explanation is the fact that the carbonyl frequencies of 4-pyridones 
2) are normally assigned near 1650 em~' which is only slightly lower than the 


normal values for z/z''-unsaturated ketones. There is however no obvious reason 


why the lone pair electrons of the nitrogen atom should not be at least as mobile as 
those of the oxygen and sulphur analogues, so that forms such as (LL) should make 
a significant contribution 


The 4-pyridones show a second strong band in the 1590-1570 em~! region which 


is normally attributed to the C—C bonds and it occured to us that the reversal of 
the assignments of these two bands would bring them into line with the general 
theory. In order to see whether this could be substantiated we have studied the 
behaviour of 2- and 4-N-methyl pyridones in different solvents. 


N 
R R 


(ih) (il) 


It is known that carbonyl absorptions are sensitive to the nature of their solvent 
environment and that they show a standard pattern of solvent behaviour which is 


icta 18, 60 (1958). 


& N. J. LEONARI und D. M. Locker, J im. Chem. Sov 77. 1852 (1955). 
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The use of solvent effects in the indentificaton of carbonyl absorptions in pyridones 


characteristic of the X*-—O-~ dipole [3,4]. The sensitivity towards such effects in 


creases with the carbonyl polarity so that the carbonyl frequencies of 4-pyridones 


should show particularly large shifts. On the other hand the C—C bonds are 


essentially non-polar and should not alter in different solvents. This approach 


therefore offers a convenient means of differentiating between the two absorptions. 


The results of our examination are given below. 


Experimental 


The spectra were measured in very dilute solutions in standard cells using a 


Grubb Parsons G.S.2. double-beam spectrometer fitted with a 2400-line/in. NPL 


grating. Solvent absorptions were removed by compensating in the reference beam. 


The frequencies are believed accurate to !em~'. The 2- and 4-pyridones used 


were purified commercial materials and the N-methyl derivatives were prepared 


by standard methods. 


Results 


(a) N-Methyl-4-pyridone 


The frequencies of the 1650 and 1590 em~! bands of this compound are listed in 


Table | which shows the shifts in different solvents. The 1645 em~! band shows a 
small shoulder on the high frequency side. This behaves like the main band and its 


Acetophenone JV/V(Dioxane base) 


r= 


AV/V (Dioxane base) Co of N-Methy-4-Pyridone 


Fig. 1. N-methyl-4-pyridone. 


shifts are not therefore recorded in detail. It will be seen that the 1590 em-! band 


is very sensitive to the nature of the solvent whereas the 1645 em~! band is not. In 


Fig. | the dv/y values (based on dioxane as it was not possible to obtain a vapour or 


n-hexane spectrum) of the 1590 em! band are plotted against the corresponding 


values for the carbonyl frequency of acetophenone and it will be seen that a good 
l 


straight line results. This together with the indication that only the 1590 em 


band has any marked polarity clearly identifies it with the carbonyl group. The 


1645 em~! band which is relatively insensitive to solvents must therefore be due to 


(3) L. J. Betiamy and R. L. Trans. Faraday Soc 55, 14 (1959). 
(4) L. J. Bettamy and R. L. Wrixiams, Proc. Roy. Soc. In press. 
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the CC links or to some modified ring breathing mode. The fact that the 1645 
em band also shows a small amount of polar character is not significant, as a 
little Fermi resonance between the two absorptions would cause the C—C bond to 


; reflect the polarity of the carbonyl on a reduced scale. Just this situation has been 
: found to occur previously in diphenyl sulphoxide [5] where the main S=O band at 
: Table 1 

a 

N -Methyl-2-pyridone N-Methyl-4-pyridone 


vy (dioxan) 


em y (dioxan) 


160s 


Hexam 1678 12-8 1613 L585 

Diethyl ether 1674 14:1 1606 

Tetrachloroethvien 1670 16-5 1606 1592 

Carbon tetrachloride 1669 17:1 1606 1590 
Benzene 1668 17-7 L604 1502 150s 1644 
Dioxan 1667 1603 1504 1505 1646 
Methv! iodide 1666 1601 1590 1592 1643 
Acetonitril 1665 19-4 1601 1591 

1 : 2-Dichloro-ethan 1665 19-4 1601 1589 


1601 1589 L585 1646 


1664 


Methvlene bromide 1660 22-4 1600 L587 1582 8-2 1646 
7 sym-Tetrachloroethane 1600 22-4 1600 L585 1577 11-3 1645 
7 Bromoform 1650 e384) 1600 1584 1575 12-5 1643 
\retrabromoethan 1659 23-0 1600 L584 L574 12-5 1643 
Methvlene iodid 1658 23.6 1600 1584 1573 1641 


1050 em-! resonates with an aromatic absorption at 1090 em~!. Although the 
latter is largely non-polar it shows a similar dv/y plot to the SO band but the 
shifts are on a very much smaller scale. In agreement with this suggestion the 
intensity of the 1645 em~' band relative to the 1590 cm~! absorption diminishes 
somewhat as the latter is removed further away under the influence of solvents. 


This suggested reversal of the previous assignments is supported by the spectrum 
of the original 4-pyridone. This compound appears to be heavily associated and is 
relatively insoluble. In the solid state the NH stretching bands are shifted to low 
frequencies indicating that hydrogen bonding is occurring. This would be expected 
to lead to a corresponding fall in the carbonyl frequency. Comparison of the 


N-methyl compound shows that the 1645 cm! 


spectrum with that of the is un- 


changed but that the 1590 em~! band shifts to 1550 em~! and broadens appreciably 


as would be expected from hydrogen-bond formation. Similar effects seem to occur 
with intramolecular bonding, as Apams ef al. [6] illustrate the spectrum of a 
3-hydroxy-N-alkyl-4-pyridone in which a broad strong absorption appears 


at 1550 em~!. 


5) L. J. Betiamy. C. P. Conpurr, R. Pace and R. L. Writiams, Trans. Faraday Soc. 55, 1677 (1959) 
6) R. Apams. V. V. Jones and J. L. Jounson, J. Am. Chem. Soc. 69, 1810 (1947 
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The use of solvent effects in the identification of carbonyl absorptions in pyridones 


Some support for this idea is also available from data on the spectra of substi- 
tuted 4-pyridones [2] from which it would seem that the 1590 em! band is appreci- 
ably more sensitive to the polar effects of the substituent groups than is the 
absorption at 1650 em~'. KatrirzkKy reports similar findings [7]. 


(b) N-Methyl-2-pyridone 

This compound has been studied in exactly the same way as the previous 
sample and the data for the 1690-1550 em region are given in Table 1. This time 
it would seem that the higher frequency is the one which is the more sensitive to 
solvent effects and is therefore to be identified with the carbonyl group. This band 
gives a reasonably good dv/y plot (Fig. 2) and clearly derives from a highly polar 


5 10 
W/V x10" Co of N-Methyl-2-Pyridone 


Fig. 2. N-methyl-2-pyridone. 


linkage. The lower frequency band appears as a doublet the relative intensities of 
which vary appreciably. The frequencies are very much more stable than those of 
the 1590 em~! band but they also show small reductions in proton donating 
solvents. This must again be due to Fermi resonance and this is confirmed by the 
intensity behaviour. In the 4-pyridone compound the carbonyl band is being 
moved away from the C=C bands and the relative intensity of the latter therefore 
falls. In the 2-methyl derivative the solvent shifts the carbonyl band towards the 
(C=C absorptions and these are seen to rise in intensity as a result. The reasons for 
the marked difference in the positions of the carbonyl bands in the 2- and 4-methy! 
derivatives are discussed below. 
Discussion 

The data given above seems to provide clear evidence that the carbonyl 
frequency of N-methyl-4-pyridone is near 1590 em~! which now brings it into line 
with the predicted value and with the other members of the series. In the 4- 
pyridone itself the value is even lower owing to hydrogen-bonding effects. This work 
also illustrates the utility of the solvent method for the differentiation of two 
absorptions of different polarities. 


{7} A. R. Karrirzxy, Private communication. 
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The contrast between the behaviour of the 2- and 4-methyl pyridones is 
particularly interesting. N-Methyl-2-pyridone has its carbonyl band at 1690 cm~! 
indicating that the carbonyl link is much less polar than in the 4-derivative. This 
must be due to the effect of the x-nitrogen atom. In normal amides the inductive 
effect of the nitrogen atom would raise the carbonyl! frequency to a value approach- 
ing that of acetyl chloride were it not for the influence of mesomerism which 
operates in the opposite direction (1). In 2-pyridones the mesomeric effect is not 
limited to the immediate C—N bond but is spread over the whole ring. If therefore 
delocalization were to occur to equal extents on the 2- and 4-derivatives so that 
contributions from forms (11) and (II) were the same, the former would show a 
higher carbonyl! frequency because of the presence of the electronegative nitrogen 
atom in the «-position. The fact that there are marked differences in physical 
properties in the two series is also consistent with this suggestion. This applies 
not only to the original pyridones where it might be due to differences in the 
strengths of self association but to the N-methyl derivatives in which association 
is precluded. 


Acknowledgement—-Thanks are offered to Dr. A. R. Katrirzky for an interesting discussion and 
for permission to refer to his unpublished data on substituted N-methyl pyridones. 
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The calculations of accurate normal co-ordinates—I 
General theory and application to methane* 
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(Received 26 September 1959) 


Abstract—The calculation of accurate and reliable vibrational potential functions and normal 
co-ordinates is discussed, for such simple polyatomic molecules as it may be possible. Such 
calculations should be corrected for the effects of anharmonicity and of resonance interactions 
between the vibrational states, and should be fitted to all the available information on all 
isotopic species: particularly the vibrational frequencies, Coriolis zeta constants and centrifugal 
distortion constants. The difficulties of making these corrections, and of making use of the 
observed data are reviewed. 

A programme for the Ferranti Mercury Computer is described by means of which harmonic 
vibration frequencies and normal co-ordinate vectors, zeta factors and centrifugal distortion 
constants can be calculated, from a given force field and from given G-matrix elements, etc. 
The programme has been used on up to 5 « 5 secular equations for which a single calculation 
and output of results takes approximately 1 min; it can readily be extended to larger deter- 
minants. The best methods of using such a programme and the possibility of reversing the 
direction of calculation are discussed. 

The methods are applied to calculating the best possible vibrational potential function for 
the methane molecule, making use of all the observed data. 


THE first part of this paper is concerned with the general theory of calculating 
potential-energy functions and vibrational normal co-ordinates from observed 
data on molecular vibrations. The use of an electronic computer for these 
calculations is described. In the second part of the paper the results of calculations 


on the methane molecule are described. In later papers it is planned to extend 
the calculations to larger molecules. 


I. General theory 

The importance of determining accurate force constants and normal co- 
ordinates for molecular vibrations is generally accepted. Not only do they provide 
the basic link between the electronic structure of the molecule and its observed 
vibration frequencies, and give us a picture of the forces acting within a molecule, 
but they provide the method of studying characteristic group vibrations, of such 
importance in complex molecule spectra, and a yardstick by which to judge 
approximate calculations based on simplified force fields. Recently normal 
co-ordinate calculations have also been widely used in the interpretation of 
infra-red and Raman intensity studies. 

For these reasons studies of molecular vibration spectra often include 
calculations of force constants and normal co-ordinates, and the methods of 


* Presented at the International Meeting on Molecular Spectroscopy, Bologna, September 1959. 
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calculation have been developed into a more or less standard form, as described for 
example by WiLson ef al.[{1). However, such calculations are plagued by a variety 
of difficulties, discussed below. If valence-type symmetry co-ordinates are used 
to describe the potential energy matrix and the form of the normal co-ordinates, 
it is found in general to be fairly easy to fix the diagonal terms in the potential 
energy but very difficult to fix the cross terms: in fact, although we know that 
valence-type internal co-ordinates are ¢ good first approximation to the normal 
co-ordinates. the small amount of mixing that does take place is often difficult to 
determine.* This is illustrated by the example discussed in the second part of this 
paper. For at least some of the purposes mentioned above it is desirable to 
determine these cross terms accurately and reliably, and it is one of the objects of 
the present work to see to what extent this can be achieved. 

The difficulties encountered in calculating force constants and normal co- 
ordinates include in particular the following: 

(1) Purely calculational difficulties: the calculation may only be conveniently 
performed from assumed force constants to vibrational frequencies and normal 
co-ordinates, whereas one has generally observed frequencies from which we wish 
to deduce the force constants. In a few cases the calculation may be reversed, but 
this always requires the solution of a set of aw kward non-linear equations. Even 
when doing the calculation in the forwards direction, from force constants to 
frequencies, it is necessary to solve a secular equation of possibly high order, which 
may be tedious and time consuming. 

(2) The observed data are often insufficient, or barely sufficient, to fix the 
veneral potential field. For a secular equation of order n there are 4n(n + 1) 
independent force constants, but only 2 vibration frequencies. The classical 
solution to this difficulty is to use data on several isotopic species, supplemented 
perhaps by assumptions about the carrying over of certain constants from one 
molecule to another and assumptions about certain cross terms being zero. Even 
when sufficient isotopic data are available to make the problem determinate, it 
often happens that the data are only just independent, so that the cross term force 
constants are very sensitive functions of the solution. Put the other way round: 
the vibration frequencies, even of several isotopic species, may be quite insensitive 
to assumed values of the cross terms (provided that appropriate small adjustments 
are made to the diagonal terms). Moreover, this sensitivity of the solution for 
the force constants is often hidden in the complexities of the calculation mentioned 
above, so that it may be very difficult to estimate the reliability with which the 
constants are determined. In fact, authors very rarely quote limits of significance 
on the force constants they calculate. 

In this connexion it may be mentioned that BropERSON and LANGSETH's 
recent work on a complete isotope rule [2] shows that in many cases partially 
deuterated isotopic species yield no further information than can be obtained from 

* Throughout this paper valence-type symmetry co-ordinates will be assumed in talking of “diagonal 
and “cross” terms in the potential energy. Because of their simple relation to the breaking and bending 


of bonds, and because they often approximately describe the normal co-ordinates, they are the most 


useful to a chemust 


1) E. B. Wrisow, J. C. Decrus and P. Cross, Molecular Vibrations. McGraw Hill, New York (1955) 
») S. Broperson and A. Lanosern, Kgl. Danske. Videnskab Selskab. Mat.-fys. Skrifter, 1, No. 5. (1958). 
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the “heavy” and “‘light’’ molecules by themselves, even though this may still leave 
the problem indeterminate. 

(3) Anharmonicity and resonance corrections: the harmonic potential 
constants are given by the second derivatives of the potential energy with respect 
to the various internal co-ordinates: F,, = (0°#/0R,0R,). There are, however, 
small higher order terms in the potential energy which give rise to anharmonicity, 
and cause the observed frequencies v,; to differ from the harmonic frequencies «, 
with which the molecule would vibrate if only the second order terms were present. 
The corrections necessary to obtain the w,, which should be used in calculating the 
harmonic force constants, from the observed v, are of the order of a few per cent, 
up to 6 per cent for some hydrogen vibrations: the corresponding corrections to 
the roots of the secular equations are of the order of 10 per cent (since the roots 
4, vary with @,*), and so it is evident from the remarks of the last paragraph that 
some of the calculated potential constants may be very sensitive to assumptions 
made about the anharmonicity corrections. Also the higher terms in the potential 


energy may lead to resonance interactions between vibrational levels when they 


happen to lie close together, causing a further shift of observed from harmonic 
vibration frequencies. In principle all these corrections can be determined from a 
study of overtone and combination bands, but in practice this has only proved 
successful for a very few simple polyatomic molecules like CO,, HCN, HCCH:; in 
other cases there are insufficient data available and the assignments and inter- 
pretations are too complex to be reliable. 

The present work represents an attempt to overcome the difficulties discussed 
above. Briefly, the calculations are programmed for an electronic computer in 
order to overcome the calculational problems, extra data in the form of Coriolis 
zeta constants and centrifugal stretching constants are used wherever possible 
to supplement vibrational frequency data, and the sensitivity of results to 
experimental data is computed in all cases. Anharmonicity corrections are made 
to all the frequencies following the general procedures suggested by DENNISON, 
using data on overtones and combination tones wherever possible. These aspects 
of the calculations are described in more detail below. 


Anharmonicity corrections 
DeENNISON [3] and HANSEN and Dennison [4] have suggested a set of rules by 
which anharmonicity corrections to the observed vibration frequencies may be 
estimated. If we write the relation between vy, and @, in the form 
(1) 
and if we denote the same quantities for the corresponding vibration of an isotopic 
species with an asterisk, then DENNISON assumes that 


This relation is known to hold accurately for diatomic molecules, and to be a good 
+ See, for example, ref. [1], p. 193. 


[3] D. M. Dennison, Revs. Modern Phys. 12, 175 (1940). 
|4) G. E. Hansen and D. M. Dennison, J. Chem. Phys. 20, 313 (1952). 
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approximation for those polyatomic molecules where the anharmonicities can be 
determined independently. It should hold most accurately for those vibrations 
where the normal co-ordinate is only altered by a scaling factor on making an 
isotopic substitution, but does not change its form; this is, of course, the situation 
for diatomic molecules. Thus for a symmetry class containing a single vibration, 
or for a vibration which is found from the normal co-ordinate analysis to be of the 
same form in the isotopic molecules, equation (2) should be well satisfied, but for 
vibrations that show considerable mixing on isotopic substitution we may expect 
deviations. 

When equations (1) and (2) are combined with the Teller-Redlich product 
rule, with any relevant data on overtone and combination tones, and with the 
assumption that similar vibrations in different molecules will display similar 
anharmonicities, there are usually (but not not always) sufficient data to fix the 


harmonic frequencies within a few wave numbers. This is the technique followed 
in this work. for want of a better alternative; it can only be considered in more 
detail in the specific cases. We must recognize that at its best this procedure is 


only approximate and will leave an uncertainty in the harmonic frequencies and a 
corresponding uncertainty in the force constants 

The effect of resonance interactions between vibrational levels may be estimated 
by a corresponding set of rules. When transitions are observed to a pair of 
resonating levels it usually happens that one of the transitions would be inactive 
in the unperturbed state: the degree of mixing may then be estimated from the 
relative intensities of the two bands, and the shift in the energy levels may be 
calculated when the degree of mixing is known [4]. Again the correction is only) 
approximate, and will leave some uncertainty in the harmonic frequency. 


Coriolis constants and centrifugal—stretching constants 


Extra information on the vibrational potential constants can be obtained from 
a study of vibration—rotation interactions. Coriolis zeta constants, some of which 
can be readily determined from the interaction between pairs of degenerate 
vibrations, are functions of the force constants [5, 6] and are often quite sensitive 
to the degree of mixing between co-ordinates and hence to the cross term constants. 
Centrifugal stretching constants, determined from microwave spectra and high 
resolution vibration—rotation spectra, are similarly functions of the force constants 
7}, but they are generally less sensitive to the cross terms. The use of these data 
may be of great assistance in fixing the force constants 

Meat and Potro | 
calculating Coriolis constants for complex molecules from any assumed potential 


6) have described a convenient and systematic method of 


field. The alternative method described by Boyp and Lonevet-Hicerns [5] 
cannot be adapted to the use of valence-internal co-ordinates, and hence the former 


method is preferred in this work. The constants are defined by the relations: 
(3) 
D. Boyp and H. C. Lonevet-Hiearns, Proc. Roy. Soc. A 213, 55 (1952). 


J. H. Meat and 8. R. Potro, J. Chem. Phys. 24, 1126 (1956) 
D. Krve.son and E. B. Wirsow, J. Chem. Phys. 21, 1229 (1953). 
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where the /,,, are the terms in the orthogonal matrix relating the normal co 
ordinates Q,,Q, to mass adjusted Cartesian co-ordinates q,, for the atoms t. Mra 
and PoLo observed that the (s may be written as the elements of a matrix 


(4) 


where the elements of the C*-matrix are defined in terms of WILSON’s vectors s,,, by 


the equation 


ut 


Land L~' are the transformaton matrices from symmetry to normal co-ordinates, 


; 


and vice-versa: 


“ 


Equation (5) is very similar in form to the equation giving the elements of 


WILSoON’s G-matrix: 


and the elements of the G and C may be conveniently determined at the same time. 
Then for any assumed force field the vibrational problem may be solved to give 
Land L~', and these may be used in equation (4) to deduce the fs. For the 
(-constants relating to the interaction between degenerate pairs of vibrations in a 


symmetric-top molecule, equation (4) may be simplified to give: 


| 
>(L-") 5 (3) 


where a, ) are used to denote degenerate pairs of normal co-ordinates or symmetry 
co-ordinates, and equation (8) is really an a—) sumatrix of equation (4) of only 
half the order [6]. The diagonal elements of equation (8) give the commonly 
observed (-constants relating to the interaction between a single pair of degenerate 


vibrations. 
KivELson and Wiison [7] have described how the centrifugal stretching 


constants can be determined from the potential field by means of the relations: 


where w,," = (d4,,/dR,)p 0, u,, being an element of the inverse moment of 
inertia tensor of the molecule (x, B, y, 6 one of x, y, z). F-' is the inverse of the 
force constant matrix F in terms of the symmetry co-ordinates R,, R,, and may 
be conveniently determined from the relation 


F-! (10) 


where A is the diagonal matrix of the roots of the secular equation. KivELson 
and Wiisown have shown how the y,,“’s may be calculated; as for the G and 
(-matrices these terms are functions only of the molecular geometry and masses 
and may be determined in advance for each isotopic species. Then, for a given 
potential field, the 7's may be calculated from equation (8), and the centrifugal 
stretching constants D,, D,, and D, are given by simple linear functions of the r’s 
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which vary according to the symmetry of the molecule.* Calculated values of D,, 
D,, and D, may then be compared with observed values determined from 


rotation and vibration—rotation spectra. 

The use of observed data on (’s and D,’s, etc. suffers from the difficulty already 
mentioned, that the calculation may only be conveniently performed from assumed 
force constants to (’s and D's, whereas one would like to use observed {’s and D’s to 
deduce the force constants. It is very difficult to invert the relations given above. 
This problem is discussed further in the next section 

Owing to the effects of anharmonicity and the finite amplitude of nuclear 
vibrations, the observed values of Coriolis (-constants and centrifugal stretching 
constants show a small vibrational dependence. It is only “equilibrium” or 
‘harmonic’ values of the constants that we calculate by the above methods, and 
since the theory of this vibrational dependence has not yet been worked out 
(either for ('s or D’s) it remains an unknown factor incomparing calculated constants 
with those observed. There are many grounds for expecting this dependence to 
be small, perhaps of the order of 5 per cent, and the observed deviations from the 
¢ sum rule (which should only be strictly obeyed by harmonic ¢’s) confirm these 
ideas, as do accurate observations of the vibrational dependence of D, in diatomic 
molecules. However, until more is known of the vibrational dependence of these 
constants we must regard them all as being uncertain to about this order of 
magnitude, leaving a corresponding uncertainty in the potential field which may 
be deduced. 


Calculational methods 


In the present work an electronic computer is used to perform the calculations. 
The G-matrix, C-matrix and the y,,"’s are calculated first by hand and fed into the 
computer as initial data with some assumed set of potential constants; the 
computer is then programmed to calculate and print out the vibrational frequencies, 
normal co-ordinate vectors (1 and L~'), {-constants and D’s. The calculation may 
be repeated for each of a set of isotopic species. Since each such calculation takes 
only a time of the order of 1 min, many different potential fields may be tried in 
rapid succession and the effect of making small variations in any one of the force 
constants may be determined; such calculations would not be possible without 
the use of a computer. In this way a set of linear equations may be determined 
giving the sensitivity of each of the calculated quantities to each of the force 
constants: 

< 
2A 
2A;,0F (11) 
6D, = DdA,,oF,, 
n J 
where n is taken over all the independent force constants and i, j, & over all the 
observed data. A particular coefficient such as A,, = (6¢,/6F,)p, is determined 
directly from the change in (, between two calculations in which only F,, is 


* Wirson [8] has given these relations explicitly for molecules of the C;, point group; for other point 
groups the relations are readily obtained from the general equations given by KivELson and WILSON [7}. 


[8] E. B. Wurson, J. Chem. Phys. 21, 986 (1957). 
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altered. If the calculated w,’s, (,’s and D’s differ from those observed, the equations 
(11) can be solved for the changes in the force constants 6F necessary to produce 
the desired changes in the ’s, (’s and D’s. In general many of the coefficients A 
prove to be small or zero, which simplifies the solution. Of course the linear 
relations (11) only hold for small changes in the F’s, but any set of force constants 
can be improved in this way by successive approximations, and it should usually 
prove sufficient to assume a diagonal F-matrix as a first approximation. 

The observed data will not in general be all independent: there will always be a 
sum rule relating the observed ('s, and there may be isotopic rules relating the 
frequencies, and in any case if there are more data than force constants they are 
bound to be related; if necessary the best least-squares solution to equations (11) 
should be sought. Having found the set of force constants that best fit the observed 
data, the equations provide a measure of the sensitivity of the observed data to the 
force constants in a reasonably tractable form, and a means of telling just how 
uniquely the constants are fixed by the data. They also provide the basis of an 


estimate of possible errors in the force constants. This seems to be as far as it is 


possible to go at present towards reversing the calculation and making a direct 
solution for the force constants from the observed data, and the problem can only 
be considered in more detail in specific cases. 

The programme used in the present work was designed for the Ferranti 
Mercury Computer, and uses the autocode facilities [9] developed by Brooker, 
Thomas and Richards. It is based wpon WiLson’s G—F matrix method, MEAL 
and Po.o’s method of solving for and KivELson and WiLson’s method of 
solving for 7’s and hence centrifugal stretching constants. The secular equation 
in the form GF — Al 0 is solved by Frames’s method [10], in which the 
coefficients in the expanded secular equation and the matrix coefficients of powers 
of A in adj.(@F — Al) are determined simultaneously; this is a closed method of 
calculation involving only direct matrix multiplication, readily adaptable to a 
computer. The roots are determined by solving the expanded secular equation 
by a development of Newton's method, and the L-matrix is determined by 
substituting the roots into columns of adj.(¢F — Al); ZL is normalized by fitting 
to the relation L’F L = A and L~' is determined from (L~')’ = FLA~*. Checks 
for self-consistency are incorporated into the programme at several stages. The 
{’s are determined directly from equation (8) and the 7's from equations (9) and (10), 
the C-matrix and the y,,"'s having been read into the computer initially with the 
(-matrix. If a set of G, C and w’s for a set of different isotopic species are read in, 
the programme will operate on each in turn with the same F-matrix. Steering 
instructions are included so that the results to be computed and printed may be 
selected as desired. The programme is used in a form specific to a secular equation 
of a given order, but it is a simple matter to rewrite it for an equation of different 
order. So far it has been used on up to 5 x 5 secular equations, and a complete 
solution on a single 5 x 5 equation giving roots, L, L~' (s and D’s takes 
approximately 2 min of computing time. 


[9] Mercury Autocode for the Ferranti Mercury Computer. London Computer Center (1958) 
{10} P. 8S. Dwyer, Linear Computations p. 225. John Wiley, New York (1951). 
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Il. Application to methane 


Symmetric-top molecules containing the methyl group are an obvious field of 
application for the techniques described. The vibrational spectra of these 


molecules and their deutero isotopes have generally been well studied, but it is 
none the less necessary to make comparison between different molecules, 
particularly in estimating anharmonicity corrections. Methane is the simplest of 
these molecules and must therefore be studied first; it also illustrates the difficulties 
in applying the techniques described in Part 1. It is planned to extend these 
calculations to more complex molecules in later papers. There have been many 
previous calculations of force constants for methane; we shall refer particularly 
to the original work of DENNtson [3], and to the more recent work of KayLor and 
NIELSEN [11], Jones and [12] and Mitts [13]. 

The observed vibrational data on methane and its deuterium and tritium 
isotopes are summarized in the first two columns of Table 1, with references and a 
brief notation of the type of measurement from which they were obtained. The 
frequencies of observed overtone and combination bands are not included, since 
the assignments are not always certain and in any case the data are insufficient to 
give definite information about the anharmonicities: however, none of the 
anharmonic corrections assumed are inconsistent with the observed overtone and 
combination bands. The internal co-ordinates used are the usual valence 
symmetry co-ordinates for each isotopic species, and they are defined in Table 2; 
this redefining of co-ordinates for the partially deuterated species means that 
in all cases the symmetry co-ordinates approximate to the normal co-ordinates, 
so that the same description and numbering can be used for both.* The Wriison 
(;-matrix elements have all been published previously; the C-matrix elements 
used are given in Table 3. The derivatives of the elements of the inverse moment 
of inertia tensor were calculated by the methods described by Kivetson and 
WILSON [7], the general formulae obtained were in complete agreement with those 
published by Dow Lrvne et al. [14] and are not reproduced here. Calculations of 
centrifugal stretching constants were only made for CH,D and CD,H, owing to 
the lack of observed data on the other molecules. 

Since DENNISON’s original work, the observed data have been greatly revised 
and extended. Applying his original arguments, the product rule and equation (2) 
immediately fix the anharmonicity corrections for the A- and E-classes of CH, 
and CD,, since they each contain a single normal vibration; the values of w, and 
#, obtained in this way give directly the force constants F,, and Fy. The 
constants obtained are given in Table 4, and the values of w and zx in the third 
column of Table 1. It may be noticed that SHerHeRD and WE Lsu’s [15] recent 
revised value of », for CD,, 2108 em~! in place of the original figure of 2085 em~!, 

* The common practice of numbering vibrations in the partially deuterated species to correspond to 


the vibrations of CH, is not logical, since in meny cases the CH, vibrations mix 50-50 to form the vibra 
tional co-ordinates of the isotopic species. 


11} H. M. Kayvor and A. H. Nrevsen, J. Chem. Phys. 23, 2139 (1955). 

12) L. H. Jones and M. Goipstarr, J. Mol. Spect. 2, 103 (1958). 

13) I. M. Mrixis, Mol. Phys. 1, 106 (1958). 

14) J. M. Dow tne, R. Gotp and A. G. Meister, J. Mol. Spect. 1, 265 (1957); Ibid. 2, 411 (1958). 
15) G. G. SHernerp and H. L. Wewsn, J. Mol. Spect. 1, 277 (1957). 
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leads to a much higher anharmonic correction than previously obtained; however, 
there seems no reason to doubt the revised data or the application of equation (2) 
in this case. The anharmonic correction to vy, is the same as that obtained by 
BuRGESsS et al. [16]: it is assumed that the Coriolis interaction between vy, and » 
is not sufficient to significantly perturb the vibration frequencies. 

In the F, class of CH,, CD, and CT, there are two vibration frequencies, and 
equation (2) combined with the product rule still leaves one degree of freedom in 
choosing the anharmonic corrections. Provided that x, and x, for CH, are chosen 
to satisfy approximately the linear relation x, + 2, = 0-082 the observed data 


4 


Preferred 
choice 


| 


CT, ’ 


020 022 024 
F,,/md 


Fig. 1. Diagonal force constants, and (’s, for the symmetrical methanes, as a function of the 
cross term force constant in the F-class. 


on all three molecules satisfy both equation (2) and the product rule. DENNISON 
originally fixed this remaining degree of freedom by requiring results that 
reproduced the observed { values: this leads to the values of m, and m, given in 
Table 1, which are essentially identical with DENNISON’s original figures. The 
possibility of varying this last degree of freedom in the anharmonic corrections is 
discussed further below. 

If we accept the values of m, and @, thus obtained for CH,, CD, and CT,, we 
may proceed to solve for the three general force constants F,, Ff, and F,, by the 
methods already described. The solution is represented graphically in Fig. | where 


[16] J. 8S. Bureess, E. E. Beit and H. H. Nrieisen, J. Opt. Soc. Am. 43, 1058 (1953). 
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Table 1. Methane: Observed and calculated vibrational data, using the force constants 
of Table 3. Frequencies and D-constants in em, [-constants dimensionless 


Designation Observed data Calculated data 


2915 (Ram. vap. a) 3137 0-071 
¢ 1534 (Rv. 6; IR er. c) 1567 x, 0-021 
Se 3019 (IR gr. d, e; Rv. f) 3158 0-044 
So 1306 (LR gr. 1357 0-038 
ts 0-056 (e and f) 0-044 


not observed * 0-456 


2108 (Ram. vap. 2219 0-050 


No 1092 (Rv. IR er. A) ow, 1109 xv, 
2259 (Rv. g; IR gr. h) 0-033 

Jo 996 (IR gr. 1026 0-029 
0-167 (Rv. g) see 0-163 


0-356 (IR gr. A)! text O-337 


CT,: not IS13 ry 
observed Ms G06 Le 
1937 Ms 1904 0 029 
858 | (IR p. 4) 880 ry 0-025 


not observed * 


2014 


4, 2973 | | (IR p. j) w, 3143 r, 0-063 
ay 300 Ms 1352 vy 0-038 

2200 (IR gr. k) 2308 tg 0-046 

My 3021 3158 r, 0-043 

rs 1471 IR p.J 1507 r, 0-024 

1155) we 1197 0-035 


not observed 263 


2142 0-048 
Gy 10037 om, 1035 r, O-OS1 


2093 (IR p. J: 3153 rg 0-051 
2°65 IR gr. /) 2337 r, 0 O31 
1036+ 1061 r, 0-023 
Ve 1295 1324 0-022 
neat observed * 

a 0-233 

0-67 (IR gr. 0-694 

Dy, 1-6 lo”? (IR gr. m) 4-51 

D yx 3-5 (IR gr. m) 3-27 


a 
H not obese rved 186 

Ms 


other data « 


bose ry ed 


Hy: 
CDy: 
Vk 
“4 6 
1060 
= 
14 
0-588 
D, los 1-78 x 
D Ww? | (IR gr. &) 11-6 
J 
CT, 
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Table 1 (continued) 


Designation Observed data Calculated data 


CH,D,: 2976 wm, 3154 x, 0-056 
Vo Gy 2202 2271 0-030 
Vg 1436 Ws 1474 tg 0-026 
1033 w, 1058 0-024 
V5 My (13297) > (IR p. J) 1357 0-020 
by 1090 1126 0-032 
ve Dy 2234 2337 re O-O44 
Vg by 1234 Og 1287 rg 0-034 


The following abbreviations are used in the references: 


Rv., Raman vapour phase measurements; IR gr., infra-red grating measurements; IR p., infra-red prism. 
a, ref. 6. ref. [20]; ref. [16]; ref. [21 
e. ref.{22); f. ref. [23]; g. ref. [15]; A, ref. [11); 
i, ref.{12]; j, ref.{17]; ref.[22]; 1, ref. [18]; 
m, ref. [24]. 
* Only directly observed values are included. 
+ Rea and THompson |18] suggest the reverse assignment of these two bands; 


Table 2. Valence symmetry co-ordinates for different isotopic species 


(as in ref. [13]) ry rg), et 
> 
CH,D, ete.: CH, stretch (¥(3)/2)S, 4S; 
Co, CH, umbrella = 4, 
Ls,’ CD str. BS, + (v/(3)/2)S3 
(Sa CH, st r. Ss 
‘H. S S,)/ 
CH,D,, ete.: Ss; CH, str. (S, + 
Cx CD, str. (S; —S3)/v2 
S,” CH, scissor (S, + Sy)/ v2 
S,” Cl scissor (Sy S,)/v2 
a Ss twist Sy 
b, 
| 2 WaE 4 
b, | Ss CD, str. Ss 
CH, wag S, 


(17) J. K. Witmsuvurst and H. J. Bernster, Can. J. Chem. 35, 226 (1957). 

[18] D. G. Rea and H. W. Tuompson, Trans. Faraday Soc. §2, 1304 (1956). 

'19| H. L. Wetsn, M. F. Crawrorp, T. R. Taomas and G. R. Love, Can. J. Phys. 30, 577 (1952). 
(20) T. Fecpman, J. Romanko and H. L. Wetsn, Can. J. Phys. 33, 138 (1955). 

(21) D. Boyp, H. W. Tompson and R. L. Wiritiams, Proc. Roy. Soc. A 213, 42 (1952). 

(22) Avven and E. K. Pryier, J. Chem. Phys. 26, 972 (1957). 

(23) B. P. Srorcnerr, C. Cummine, G. E. Sr. Jonn and H. L. Wevsn, J. Chem. Phys. 20, 498 (1952) 
(24) L. F. H. Bovey, J. Chem. Phys. 21, 830 (1953). 
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Table 3. Elements of the matrix C,,* for the F,-class of CH, 
and the E-class of CH,D 


CH,D 


F.. and F,, are plotted as functions of the cross term constant F,, over the range 
(hod | er (18. We find that any values of the three constants taken from 
this graph give the desired frequencies within +2 em~'; in fact although the three 
molecules give four independent frequencies with which to fix only three force 
constants, any value of F,, in the above range will give a satisfactory solution, 
and if a tolerance of —5 em~' (~0-2 per cent) were to be accepted then F,, could 
be varied over twice the range. This shows the difficulty of fixing cross term force 
constants from frequency data alone 

The allowable range of F,, can be narrowed by using the observed data on 
coriolis { constants, summarized in Table 1. Here the situation is complicated by 
the unknown vibrational dependence of the ('s, illustrated by the conflicting data 
for (D, from the infra-red and Raman work. For this molecule the best observed 
values are 0-167 and (356 [15], whence (, + G (523, whereas the 
sum rule requires (, + (, = 4. For CH, and CT, only (, has been observed, so 
that this check cannot be made. In view of this it seems reasonable to allow a 
tolerance of —0-01 on all observed values, to represent their unknown vibrational 
dependence. Now the upper three lines in Fig. | show the calculated values of 
t for CH, CD, and CT, as a function of the variation in F,,. The three crosses 
represent the best observed values of { for each molecule (the data for CD, having 
been adjusted to satisfy the sum rule), and it is evident that they do not correspond 
to a single value of F,,: however, if a tolerance of +-0-01 is allowed for the ¢'s then 
the data are no longer inconsistent, and any set of force constants close to that 
represented by the vertical dotted line will reproduce all the observed data. In 
this way the force constants of Table 4 were obtained. The limits of error for F,, 
correspond to an error of O-Ol in the U's, and the other errors correspond to 
(25 per cent error in the frequencies for a chosen value of F,, 


Table 4 Finally accept “il force constants, m n \ nm 


terms of the symmetry co-ordinates S, tod, for ¢ H, 


Py 58420 0-02 F's; 53825 0-02 
Fy, 00-2060 


q 

‘ 

H, 

: 

4 f 33 4 My 3 “ 4 My . 

Cg 2) 4y (2) a, /: 
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Also given in Table | are the calculated vibrational data for all the partially 
substituted isotopic species, using the same set of force constants. As can be seen, 
the agreement between observed and calculated data is satisfactory in all cases, 
and we find that none of the calculated data for these other molecules are as 
sensitive to variations in F,, as the (-values of the totally symmetric molecules, so 
that no further restriction on the force constants is imposed by the extra data. If 
more of the (-constants for CH,D and CD,H were observed, it might then be 
possible to tie down the force constants a little better. 

The final force constants of Table 4 are very similar to those found by JonEs 
and GoLpBatrt [12], differing only in the revised value of F,,; they differ rather 
more from KayLor and NIeLsen’s and [13] results in adopting a 
higher value of 

There are two further points which should be made concerning the anharmonic 
corrections to the vibration frequencies. The first comes from a study of the 
normal co-ordinate vectors calculated for the different vibrations (which are not 
published here, to economize space). It is found that vy, of CH,, CD, and CT,, », of 
CH,D and CD,H, and both v, and », of CH,D, are all made up of the one symmetry 
co-ordinate S, to better than 98 per cent, the frequencies differing only by virtue 
of the different mass factors and the normal co-ordinates by corresponding scaling 
factors. This is actually a consequence of the factoring of the hydrogen stretching 
vibrations. Thus we should expect equation (2) to hold accurately for all these 
vibrations through all the molecules: this is found to be true to within the accuracy 
of the data, which makes a satisfying confirmation of the theory. This incidentally 
confirms WiLMsHuRsST and BERNSTEIN’s | 17] assignment of and », for CD,H, in 


preference to the alternative assignment of Rea and THompson [18]. A similar 
observation can be made on the anharmonic corrections for v, of CH, and CD,, 
and », of CH,D,, all of which consist of the pure twisting symmetry co-ordinate. 

The other point concerns possible variation in DENNISON’Ss original choice of 


x, and x, for the totally symmetric molecules. It is found that if, for instance, a 
larger value is chosen for x, (more analogous, say, to the value of x,), then in order 
to obtain a fit for the Coriolis constants it is necessary to sacrifice the accuracy 
with which equation (2) is obeyed by these vibrations. If values of 0-060 and 0-022 
are chosen for x, and 2,, then approximately 15 per cent errors must be accepted 
in the relations given by equation (2) between CH,, CD, and CT, in order to 
reproduce the {-constants. The reliability with which x, and x, are determined 
thus depends on how accurately we believe in equation (2); although there are 
some arguments for expecting a higher value of x, and a lower value of x, than 
those given, we have in fact derived our results by requiring an exact fit to 
equation (2) for the three totally symmetric molecules. 


Acknowledgement—-1 wish to thank the Electrical Engineering Department of Manchester 
University for the computer facilities which they have provided for this work. 


Note added since this work was reported at Bologna 


Dr. L. H. Jones of the University of California has recently made 
available to the writer the results of some calculations on the methane molecule 
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which he has made, similar to those reported here. Dr. Jones has obtained 
new experimental data on some of the tritiated isotopic species of methane, which 
he has used in his calculations, and he has also made more direct use of data on 
overtone and combination frequencies in deducing anharmonicity corrections. 
In spite of these differences, the potential field and anharmonic vibration frequencies 
which he calculates agree with those reported here within the limits of error 
discussed above. I am grateful to Dr. Jones for allowing me to see a copy 
of his manuscript prior to publication. 
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Abstract—Fluorescence spectra, intensities and efficiencies of zine chelates of 8-quinolinol 
(oxine), oxine-5-sulfonic acid, 2-methyl-oxine and 5:7-dichloro-oxine were obtained as a function 
of solvent and substitution. Shifts in fluorescence maxima did not always parallel corresponding 
solvent shifts for absorption maxima. The fluorescence spectra of chelates of gallium, indium, 
zinc, magnesium and cadmium with 2-methyl-oxine were also measured and compared. All 
except zinc experienced blue shifts in the fluorescence bands, which were interpreted as arising 
from steric inhibition of resonance by the 2-substituent. 

Fluorescence efficiency was found to be a sensitive function of solvent, being highest in inert 
solvents. Substitution of the sulfonic-acid group on the ligand gave an unexpected rise in the 
fluorescence efficiency of the chelates, especially in dimethylformamide. Fluorescence efficiency 
was found not to be adversely affected by steric hindrance. Analytical implications of the 
results are discussed. 

Introduction 
ALTHOUGH many 8-quinolinolates (oxinates) are known to fluoresce, investigations 
of the fluorescence of these chelates have been largely confined to the development 
of specific analytical methods. The only systematic spectral studies performed 
on oxinates so far [1] were concerned mainly with the variation of fluorescence 
with metal ion. 

In part of the present investigation, the problem was reversed; one metal was 
kept constant, while variations were effected in the solvent and in the substituent 
on the ligand. The choice of substituent was restricted almost entirely to com- 
mercially available compounds; the choice of metal cation was more difficult. 
Aluminum, which would ordinarily have been selected because of the intense 
fluorescence and favorable solubility of its chelates, had to be rejected because it 
does not chelate with 2-methyl-oxine. Other members of the aluminum family as 
well as most divalent metals were eliminated on the basis of their low fluorescence 
intensities or poor solubility. Zine was selected by the process of elimination. All 
fluorimetric studies of oxinates were conducted in parallel with corresponding 
absorptiometric experiments. 

Results 
Excitation spectra 

Fluorescence of oxinates is excited primarily by absorption corresponding to 
the low-frequency band, as in the case of protonated ligand in concentrated sulfuri: 

* 8-Hydroxyquinoline; oxine, 

+ Allied Chemical and Dye Fellow 1957-1958; present address: Esso Research Center, Linden, N.J. 
1} W. E. Ounesorce and L. B. Rocrers, Spectrochim. Acta 14, 27, 41 (1959 
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acid{2]. Although the measured excitation spectra were poorly defined owing to the 
low intensities, the sample excitation spectrum in Fig. 1 shows that some of the 
fluorescence is also caused by absorption corresponding to the short-wavelength 
band. Even though excitation to a higher excited state does occur, this must 


ce 


Relotwe Emuttor 


Fig. 1. Excitation spectrum for 1-00 10-* M zine-2-methyl-oxinate in chloroform using 
an excitation bandwidth of 13-2 my from a xenon lamp and measuring intensity at 540 my. 


be followed by a rapid internal conversion to the lowest excited level, from which 
all emission takes place. Table 1 shows that with the low concentrations employed 
(1-00 10-4M) the coincidence between absorption and excitation maxima is 


remarkably vood. 


Table 1. Comparison of excitation and absorption maxima of zinc oxinates 
(1-00 10-4 M) 


Absorption Excitation Difference 


Solution Solvent 
(em™!) 


(my) (my) 


Oxinate CHCl, 379 26,400 385 26,000 400 
THYF® 381 26,200 385 26,000 200 
2-Methyl-oxinate CHC, 386 25,900 256 25.600 300 


* Tetrahydrofuran. 


Fluorescence of zinc oxinates as a function of solvent 

Regardless of the nature of substituent or solvent, fluorescence spectra of zine 
oxinates appeared as single, broad, structureless bands with flat maxima. For that 
reason, only a sample spectrum of zine oxinate in chloroform is shown (Fig. 2). 
The remaining fluorescence results are summarized in Table 2. Both observed 
intensities and those corrected for phototube response are tabulated. The former 


[2] O. Porovycn and L. B. Rocrers, Spectrochim. Acta 15, 584 (1959). 
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Fluorescence of certain metal 8-quinolinolates as a function of solvent and substituents 


A, my 
460 480 Soo 520 540 _ 560 600 625 


Relotive Emittonce 


22,000 20,000 18,000 16,000 


vom" 


Fig. 2. Observed fluorescence spectrum of 1-00 « 10-4 M zine oxinate in chloroform using 
365 my radiation from a high-pressure mercury lamp. 


Table 2. Fluorescence maxima of zinc chelates as a function of solvents and substituents* 


Fluorescence Relative fluorescence 


Aj 


Chelate Solvent 


2 i Intensity t Norm. 


(my) (em™?) obs. corr.  intensityt? 


Oxinate CHCl, 5408 18,500 8-20 18-9 31-9 7900 
C,H,OH** 525 19,000 4-70 9-34 14-8 7400 
CCl,** 520 19,200 3°50 6-64 16-4 7000 
DMFtt 560 17.900 2-90 8-66 19-2 7000 
THFtt 535 18,700 12-0 26-3 7500 
(C,H,),0** 525 19,000 5-30 10-5 96-3 7500 

2-methyl-oxinate CHCl, 540 18,500 11-6 26-8 50-3 7400 

5:7-Dichloro-oxinate CHCl, 555 18,000 5-72 15-9 28-0 6600 

Oxinate-5-sulfonate Water 

(pH 6-45) 525 19,000 3°55 7-06 8-73 8600 

(pH 5-04) 525 19.000 5-30 10-5 16-7 8600 
DMFtt 530 18,900 10-2 21-2 73-6 6100 


* Unless otherwise stated the solutions are 1-00 10-4 M. 
+ Quinine equivalents x 10. 

+ Energy difference between absorption and fluorescence maximum. 
§ Observed maximum. 

** Saturated solution. 

+¢ DMF is dimethylformamide; THF is tetrahydrofuran. 

+} Intensity normalized with respect to absorption (see text). 
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is useful for analytical purposes; the latter, as measure of the true fluorescence 
ability of a compound. The normalized intensity is the corrected intensity of 
emission divided by the average fraction of light absorbed (1 — 7’), in the wave- 
leneth interval used in the excitation. The last column states frequency differences 
between the tabulated fluorescence maxima and the corresponding (low-frequency) 


absorption maxima. 

Table 2 presents fluorescence maxima of zine oxinate in the six solvents in 
which the shifts in the low frequency absorption band have been studied earlier [3]. 
It is worth noting that the tabulated frequency differences between absorption and 
fluorescence maxima are not constant with solvent, indicating that solvent shifts 
of fluorescence bands are not always parallel to those of the absorption bands. 
The blue shift of an ethanol solution with respect to a chloroform solution of an 


oxinate has been observed before {1}. 

Of major interest is the observed dependence on solvent of the fluorescence 
efficiency. The highest fluorescence efficiencies are obtained for diethyl ether and 
tetrahydrofuran, while the commonly used chloroform is in third place. Solutions 
of ethanol, dimethylformamide and carbon tetrachloride show considerably lower 


emittances. 

A decrease in fluorescence of oxinates on going from chloroform to ethanol has 
already been reported. Otherwise very little has been reported on the dependence 
of fluorescence efficiency on the nature of solvent. BowEN and Coates [4] observed 
that solutions of rubrene showed decreasing fluorescence efficiencies in the solvent 


series: cyclohexane, hexane, benzene, toluene, dioxane, butanol, ethanol, acetone. 


Solvent quenching was interpreted as arising from solvent—solute interactions 
either before or after absorption. In the former case, complexes or “inner filters” 
trap exciting radiation. In the latter case, excited solute molecules lose their excess 


energy either by collision with solvent or by some other radiationless process 
dependent on solvent. 

From the present data it is apparent that highest fluorescence efficiencies are 
observed in relatively inert solvents, like ethers. These have little tendency to 
form complexes with either the vround or the excited state of the solute. The 
lower efficiencies observed for chloroform and especially for carbon tet rachloride 
are probably a function of the well known quenching influence of halogens, which 
facilitates intersystem crossing to an excited triplet state [5]. Dimethy lformamide 
seems to be a special case, as indicated by the abnormal red shift experienced by 
the absorption bands of zine oxinate in that solvent. In view of our previous 
experience with N-methylformamide [3], it is not unlikely that dimethylformamide 
attacks the metal ion, loosening the entire chelate structure. Should this facilitate 
either partial dissociation in the excited state, or partial freeing of the n-electrons 
on the nitrogen, the reduction in fluorescence could easily be accounted for. The 
low emission efficiency observed in alcohol can be interpreted in terms of hydrogen- 


bonding with the solvent, which results in quenching analogous to that found for 
aqueous solutions of protonated ligands reported in an earlier paper [2]. 


3) ©. Porovycn and L. B. Rocrrs, J. Am. Chem. Soc. 81, 4469 (1959). 
4) E. J. Bowen and E. ( oaTes. J. Chem. Soc. 105 (1947) 
Kasna, J. Chem. Phys. 20, 71 (1952 
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Fluorescence of certain metal 8-quinolinolates as a function of solvent and substituents 


Fluorescence of zine oxinates as a function of substituent 

Fluorescence spectra, intensities and efficiencies of zinc oxinate,* zinc-oxinate 
5-sulfonate, zinc-2-methyl-oxinate and zine-5:7-dichloro-oxinate* have been 
compared, whenever possible, in the same solvent. Qualitatively, the shifts in the 
fluorescence maxima of substituted chelates are parallel to the corresponding 
changes in absorption maxima [6]. Notable exceptions to this behavior are the 
fluorescence spectra of zine oxinate and zinc-oxinate-5-sulfonate in dimethylform- 
amide. While their absorption spectra are the same, the positions of their fluores- 
cence maxima differ by 1000 cm~!. The different specific effects of dimethylform 
amide on the fluorescence of the two chelates are reflected even more in the observed 
fluorescence efficiencies. While the efficiency of the sulfonated chelate in dimethyl- 
formamide is very high (73-6), the efficiency of zinc oxinate in the same solvent is 
one of its lowest (19-2). Unfortunately no other common solvent for the two 


pH 


Fig. 3. Fluorescence intensity of aqueous zinc-oxinate-5-sulfonate as a function of pH. 


chelates could be found, but the possibility exists that zinc-oxinate-5-sulfonate is 
intrinsically more fluorescent than its unsubstituted analogue. The fact that zine 
oxinate loses its fluorescence almost entirely in a 50-50 mixture of water and 
dimethylformamide, while zinc-oxinate-5-sulfonate fluoresces appreciably in pure 
water, may constitute additional evidence to this effect. A broad re-examination 
of the effect of the sulfonic-acid group, which reputedly has no influence on fluores- 
cence, is in order. 

The water-soluble zinc-oxinate-5-sulfonate was interesting for another reason. 
When this substance was dissolved in distilled water, the resulting 10~* M solution 
had a pH of 6-45. We expected upon adding sodium hydroxide that the fluores- 
cence intensity might rise slightly at first due to less extensive dissociation of 
chelate and then drop continuously in more alkaline solutions as the result of 
attack by hydroxide. Upon adding hydrochloric acid, a continuous reduction of 
fluorescence due to decomposition of the chelate was expected. 

Fig. 3 shows that the experimentally observed behavior was entirely different. 


* Anhydrous zinc oxinate was used, which, unlike its dihydrate, was quite soluble in chlorofort 
In solid state the dihydrate of zinc-5,7-dichloro-oxinate was yellow and fluorescent, while the anhydrous 
product was orange and non-fluorescent. Both fluoresced in chloroform solutions 


O. Porovycnu. Ph.D. Thesis, M.1.T. (1959 
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Maximum fluorescence occurred at pH 5-05, where absorption spectra showed the 
chelate to be partially decomposed. In addition to a chelate peak at 361 my, there 
was another due to the ligand at 316 my. Calculations indicated that the con 
centration of residual chelate at pH 5-05 was about 6-6 « 10-5 M compared to the 
1-0 » 10-4 M originally dissolved. Thus, in the solution of maximum fluorescence 
the chelate-to-ligand ratio was approximately | : 1. 

OuNESORGE and Rogers [1] had previously reported similar behavior for 
alcoholic solutions of aluminum oxinate. After extensive investigation, they con- 
cluded that the most probable explanation for the observed enhancement of 
fluorescence was the existence of a more strongly fluorescent intermediate. The 
present finding tends to corroborate this view. 

Zine-2-methyl-oxinate shows more intense fluorescence than zinc oxinate, 
Although methyl groups are known to intensify fluorescence, the reason for this 
phenomenon is by no means clear. On the other hand, the dichloro-substituted 
chelate exhibits the expected reduction in fluorescence efficiency. This compound 
must be a victim of internal quenching of fluorescence via the triplet state. Dis 
sociation of the chlorine—-carbon bond is excluded as a quenching possibility due 


to the low energy of excitation at 365 mu. 


Influence of 2-methyl substitution on spe ctral shifts 


The object of this study was to investigate whether or not the spectral shifts 
caused by a given substituent on the ligand were dependent on the metal ion. 


For that purpose the fluorescence maxima, intensities and efficiencies of the 2- 


methyl-oxinates of gallium, indium, zinc, magnesium and cadmium (Table 3) were 


compared with those of the oxinates of the same series (Table 4). 


lable 3. Fluorescence maxima of 2-methyl-oxinates in chloroform 
(law M) 


Relative fluorescence 


Metal 


Intensity Norm. intensity > 


(ja? 520 19.200 134 
In? 530° 18.000 10-5 14-7 
19.800 6-19 16-8 


* Saturated solution with a fine suspension. 


nalized with respect to absorption see text 


It can be seen that fluorescence maxima of all 2-methyl-chelates, except zinc, 


have experienced blue shifts relative to their unsubstituted analogues. Earlier we 
observed similar. though somewhat greater, relative shifts in the corresponding 
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Table 4. Comparison of fluorescence maxima of 2-methyl-oxinates and oxinates in chloroform 


Oxinates 2-Methyl-oxinates 


Metal A A Ab 
(mye) (my) (em?) (em~) 


Zn** 540* 18,500 7900 540* 18,500 7400 
18,400 7200 520 19,200 8300 
In?* 550t 18,200 7300 530* 18,900 7300 
Mg** 505 19,800 7300 500 20,000 § 

Mg?> 530% 18,900 7600 518 19,300 8100 


Not corrected. 

Values reported by OnNEsoRGE and Rocers [1] 

In dimethylformamide. 

Not measurable due to overlap of high- and low-frequency absorption bands. 


pairs of absorption spectra [6] and have attributed them to steric inhibition of 
resonance by the 2-substituent. A comparison of energy differences (absorption 
minus fluorescence) for oxinates and 2-methyl-oxinates shows them to be greater, 
in general, for the latter. This means, of course, that fluorescence bands undergo 
smaller blue shifts than absorption bands. Apparently the excited state is not 
affected as much by steric considerations as the ground state. 

It is of interest to note that steric hindrance appears to have no adverse effect 
on the fluorescence efficiency. Thus, gallium-2-methyl-oxinate, which according 
to absorption data is sterically hindered, is much more fluorescent than zine or 
indium chelates, both of which are less affected by steric effects. Zinc-2-methyl- 
oxinate, which experiences no blue shifts in absorption bands relative to oxinate, 
also shows no change in its fluorescence spectrum. 


Fluorescence of magnesium chelates 


Because the absorption behavior of magnesium oxinates was observed to 
differ from the usual properties of oxine chelates, the fluorescence spectra of 
magnesium chelates were subjected to a separate study. In order to eliminate the 
variation due to solvent, dimethylformamide was chosen as the common medium 
for magnesium chelates of oxine, oxine-5-sulfonie acid and 2-methyl-oxine. The 
results of this study are shown in Table 5. The striking property of magnesium 
chelates is their high fluorescence efficiency in dimethylformamide, relative to 
other solvents. The solvent shifts involved are also far from the ordinary. Thus, 
magnesium-oxinate-5-sulfonate, with its maximum in dimethylformamide at 
450 my, is the first blue-fluorescing chelate encountered in this work. This large 
blue shift is specific for the fluorescence band, because absorption maxima for 
this chelate in chloroform and in dimethylformamide are identical. 


Analytical implications 


Possible improvements of existing fluorimetric determinations of metal cations 
with oxine can be seen. Limits of detectability of oxinates can be extended to 
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lower concentrations by the use of solvents in which fluorescence efficiency of 
chelates is higher than in the generally-employed chloroform. The recommended 
solvents are tetrahydrofuran and dimethylformamide. Use of the latter for 
magnesium chelates and for zinc-oxinate-5 sulfonate brings about a twofold in- 
crease in fluorescence, relative to the usual solvents, chloroform and water, respec- 


tively. | ompared to chloroform, the above solvents have the disadvantage of 


lable 5. Fluorescence maxima of magnesium oxinates 


(1-00 * M) 


Relative fluorescence 


4 
(ixinate Solvent 
trig) em 


Intensity Norm. intensity * 


Oxinate sow 20.000 37°3 73-9 
DMF 530 18.900 ve 13 

®.Methvl-oxinat« CHCl, 10.800 6-19 16-8 
DME 51s 170 

Oxinate-5-sulfonat« Water 520) 19,200 25-6 42-2 
DMF $50 22) Is) 120 


* Intensit nort zed with respect to absorption (see text 


miscibility with water. Thus, they cannot be used to extract chelates from aqueous 
solutions. Diethyl ether, which permits the highest fluorescence efficiency, is 
handicapped by its poor solubility properties for chelates. Other ethers may be 
worthy of investigation. 

Fluorimetric methods could also be improved by taking advantage of the 
specilic effects of substituents. 2 Methy! oxinates, in addition to their known 


selectivity in precipitation, also exhibit more intense fluorescence than unsub 
stituted oxinates. The sulfonic-acid group, too, deserves further attention Finally, 
it is not out of place to mention that the reputedly selective 5-nitroso-oxine 1s 


useless for fluorimetric purposes 


Experimental 

Methods for preparing the chelates were approximately the same as those 
reported in HOLLINGSHEAD {7 Chelates were usually dried for several hours at 
about 140°C to obtain the anhydrous product. Drying at room temperature over 
potassium hydroxide produced zine chelates which were dihydrates and possessed 
markedly different properties. 

Attempts to prepare zinc chelates of 5-nitroso-oxine and 5-amino-oxine were 
unsuccessful. The poor chelating properties of the former have been attributed 
to its acidic properties [8] but more probably reflect the fact that it exists largely 


7 > . W. Horurmesneap, Oxine and its Derivatives Vols I-IV. Butterworths, London (1954-1956). 
8) H. Irvine. E. J. Butrver and M. F. Rese, J. Chem, So 1480 (1949 
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in the form of the oxime-quinone. The 5-amino-oxine did produce a yellow pre 
cipitate which extracted into chloroform and fluoresced. However, it rapidly 
changed color owing to air oxidation, so it was reluctantly abandoned. Earlier 
attempts to form chelates had also failed [9]. 

Chemical analyses of the chelates for purity proved to be less satisfactory than 
a spectrophotometric procedure. An accurately weighed amount of chelate was 
dissolved in concentrated hydrochloric acid and diluted twentyfold to volume. 
The resulting solution was measured at two or more maxima and the absorbancy 
values compared with those obtained previously for the corresponding 8-hydroxy 


quinolinium ion. Discrepancies between observed and calculated absorbancies 


were usually less than 1 per cent relative. 
Apparatus and procedures for obtaining excitation and fluorescence spectra 


have been reported 1, 2}. 
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Abstract—Infrared spectra of solids were studied with a diamond pressure cell in the wavelength 
range 5-15 ~ at pressures between | atm and 50,000 atm. The calibration of the cell at the 
14,000 atm transition of NaNO, is described. Spectra were studied for aromatic organic 
compounds, inorganic hydrates, and ammonium halides. In general, band shifts produced by 
pressure were to higher frequencies and at most 10 cm 1/10,000 atm. Many bands exhibited 
large changes in intensity. Occasionally bands increased in intensity or were unaffected but in 
general a decrease in intensity was observed at elevated pressure. Representative spectra are 
given, one to a pressure of 160,000 atm. Suggestions for the causes of the frequency shifts are 
yiven. 
Introduction 

Ix AN earlier paper [1] a diamond high-pressure cell was described which was used 
to obtain infrared spectra in the wavelength region 1-15 yu to pressures of 30,000 
atm. The use of this high-pressure cell was illustrated with studies on calcite. 
Since then, studies have been made on a wide variety of solid substances, both 
organic and inorganic. The purpose of this paper is to describe some of these 
results. 

The infrared spectrum of a substance shows a number of changes on application 
of pressure; these include shifts of absorption bands to both higher and lower 
frequencies from the positions of the band at 1 atm, the occurrence of new bands, 
the splitting of degenerate bands arising from a change in selection rules, and 
changes in apparent band intensity. The shifts in absorption bands observed to 
date range up to a maximum of -+-10 cm! per 10,000 atm pressure with greater 
shifts sometimes occurring for substances involving systemsofhydrogen bonds. With 
the exception of these latter systems, shifts of frequencies on application of relatively 
low pressure have not been studied in detail in our work to date. Similarly, the 
splitting of absorption bands and the appearances of new bands seem to be 
relatively rare occurrences at pressures below 20,000 atm. However, changes 
in apparent intensity of many bands were observed at relatively low pressures, i.e. 
10,000 atm, with larger changes occurring at higher pressures. Since the magni- 
tude and direction of these intensity changes were unexpected, they will be 
illustrated and discussed in considerable detail. The change of intensity is 
specific both with respect to the nature of the substance and the mode of 


1) C. E. Were, E. R. Lipprscort, A. vaN VALKENBURG and E. N. Buntine, J. Res. Nat. Bur. Standards 
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Studies of infrared absorption spectra of solids at high pressures 


vibration involved. Examples will be given in which the intensity decreases, some 
in which it increases, and others in which it does not change more than the 
experimental error. However, the greatest number of cases observed to date 
have been those which show a decrease in band intensity. 

The diamond pressure cell has been used to pressures as high as 160,000 atm 
and in the wavelength range 1 u-30 4. One example of spectra taken at the 
higher pressure will be presented and discussed. The data at the longer wave- 
lengths are incomplete at the present time. 


Experimental 

The pressure equipment consists of two type II diamonds which are transparent 
from 1 to 44 and from 5-2 4 to beyond 30 4 [1]. The specimen is compressed 
between two flat surfaces ground on the diamonds. The incident beam traverses 
both diamonds and the specimen parallel to the direction of stress. Pressures have 
been calculated as force per unit area. Since the sample is held between the 
diamonds by frictional forces resisting flow in a thin specimen, there is a question 
as to whether the applied pressure is hydrostatic. Fortunately, the thickness of 
the specimen retained after extrusion ceases is usually just adequate to obtain a 
reasonably characteristic spectrum. For organic compounds this thickness is 
sometimes too small to observe weak bands, while for some inorganic salts it 
appears somewhat too large in the case of strong bands. The question of the 
hydrostatic nature of the pressure and the magnitude of the pressure gradients 
near the edges of the specimen makes it important that the pressure calculated as 
force per unit area should be checked by a calibration based on a phase change 
for a given substance at a known hydrostatic pressure. 

This type of calibration is surprisingly difficult because most solid—solid 


transitions appear to produce such small discontinuous changes in the infrared 
spectrum that they are difficult to identify with present experimental techniques. 
The calibration point which has been most useful to date has been that for a 
transition in NaNO, which is found to take place at a hydrostatic pressure of 
14,500 atm by a linear interpolation of BRrpDGMAN’s data [2]. This transition may 


be studied in the infrared spectrum by observing the behavior of the 825 em~! 


(12-1 ~) absorption band of NaNO, corresponding to the nitrite ion bending mode 
of vibration. The frequency shifts discontinuously to near 855 em~! (11-7 mw) 
when this transition takes place. An example of this is illustrated in Fig. 1. In 
these experiments the pressure was raised to 14,000 atm, lowered a few hundred 
atmospheres, raised again to 14,000 atm, and the process repeated several times, 
always approaching the transition from the low pressure direction. This transition 
served to check the pressure calibration in terms of the applied load and its 
sharpness furnished evidence that excessive pressure gradients did not exist in the 
specimen. The absence of appreciable gradients provides evidence that the pressure 
is reasonably hydrostatic in nature. 

The transition was sometimes difficult to initiate but once obtained it was 
readily reversible. By following the transition with different sets of diamonds it 


(2) P. W. Bripeman, Proc. Am. Acad, Arts. Sci. 72, 45 (1937). 
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was possible to obtain information as to the condition of the diamond surfaces. 
In some instances the transition was found to occur over a narrow pressure range 
(300 atm) with only a single phase present at any time, while in other cases the 
$55 and 825 em-! bands were present simultaneously over a rather wide pressure 
range indicating the presence of a considerable pressure gradient. This latter 
situation usually occurred when the diamond surfaces had deteriorated markedly 
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Fig. 1. Behavior of the 825 em~' nitrite ion bending frequency 
for the transition occurring in NaNQ,. 


with the presence of a number of surface flaws or with diamonds of very small 
surface area. In such cases it was desirable to regrind the diamond surfaces as 
described in [1}. 

Sample handling was accomplished by the techniques described previously [1]. 
In a typical run, the piston with one of the diamonds was inserted in the bearing 
and a small quantity of specimen placed on the surface with a spatula. The other 
piston was inserted and the thrust plate screwed into place. The pressure was then 
raised to a few thousand atmospheres to produce a film between the diamond 
faces. The pressure cell was then placed in the focal point of the beam-condensing 
unit and its position adjusted in the beam to produce a maximum transmission 
at a wavelength where the specimen had no absorption bands. The pressure was 
then raised and lowered until no further evidence was found for extrusion of the 
sample from between the diamond surfaces. The pressure was then raised to the 
maximum pressure desired and the spectrum run with subsequent runs at 
successively lower pressures. When the lower pressures were reached, the whole 
process was repeated by starting at the higher pressures. In most cases the changes 
which oceurred in the spectrum were reversible when run under these conditions. 
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In a few experiments there was evidence of irreversible changes in the spectrum 
occurring at the highest pressures (50,000 to 160,000 atm) in that new bands 
appeared which remained when the pressure was reduced to latm. These 
irreversible changes may have been caused by a chemical reaction. Examples of 
these spectra will not be reported until they are investigated further. 

Since the diamond faces had an area of from 1 to 2 « 10~* in*, only a portion 
of the incident i.r. beam could be accepted by the cell. Thus, it was necessary to 
restrict the reference beam to permit utilization of the full scale of the recorder. 
This was accomplished by placing a suitable screen (or perforated sheet-aluminum) 
in the reference beam. The low available energy made it necessary to operate at 
high gain and to use a slow scanning speed. Scanning speeds used varied from 
0-08 to 0-5 u/min with a slit program usually from three to four times that for the 
standard program of the instrument. In studying a given specimen, all instrumental 
settings were left unchanged. Because of the use of high gains, some of the 
recorded spectra showed considerable noise. 

Errors in reading positions of absorption bands may occur because of the 
finite rate of scan and the limited amount of energy available. In cases where the 
exact position of a band was desired, the scanning speed was reduced, or the 
position was obtained from a manual setting. Since most of the work reported here 
is not concerned with the quantitative behavior of the frequency shifts, no special 
effort was made to measure the positions with greater accuracy than that available 
from the normal scanning rate of the spectrum. 

A number of sources of error may affect the intensities of the recorded bands. 
Among these are the errors associated with the finite slit width, and scanning 
speeds which are accentuated by the limited amount of energy passing through 
the small specimen. For a given run under a fixed set of instrument settings, 
there is the question of error associated with extrusion of the specimen. Also, the 
material may become increasingly more transparent to infrared radiation at 
higher or lower pressures depending on the condition of the specimen film. Initially, 
the powdered specimen is translucent to radiation with considerable scattering. 
This scattering is usually reduced as the pressure is applied but sometimes 
increases at higher pressures, presumably because of some sort of phase change. 
In general, bands tend to broaden at elevated pressures. The finite slit width used 
would act to increase the apparent intensity of the pressure-broadened bands. 
Inasmuch as the intensity of most bands decreases at elevated pressures, this 
source of error produces an effect opposite to that observed. 

The effect of the smaller amount of scattering at the higher pressure would be 
to furnish more energy to the detector with the result that the apparent band 
intensity would appear slightly greater. In actual practice most, but not all, bands 
show a decrease in intensity at higher pressures and thus the effect of this source 
of error is opposite to the observed behavior. 

The effect of extrusion of specimen from between the diamond surfaces would 
produce a decrease in band intensity. However, a loss in intensity through 
extrusion should not be reversible for the type of materials studied here. The 
extrusion is generally observed in all experiments as an irreversible, time- 
dependent, decrease in intensity of al/ bands on the initial application of pressure. 
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In practice, quantitative intensity measurements were not considered feasible 
until the flow of specimen from between the diamond surfaces had ceased as 
shown by reversibility of the band intensities at different pressures. In addition, 
quantitative data were usually obtained by starting at the maximum pressure 
with subsequent measurements at successively lower pressures. Additional loss 
of material would be minimized by this technique. Since the band intensities 
usually increased at the lower pressures, it would be necessary to postulate a flow 


of extruded specimen into the pressure cell. Furthermore, a few spectra have been 
obtained which show that in a given specimen some bands increase in intensity, 
some decrease, and others show no change as the pressure increases. Such spectra 
show unmistakably that there is, at the very least, a marked relative intensity 
change between such bands. In addition, it is believed that the present data 
illustrate the behavior of the absolute band intensities as a function of pressure. 

For obvious reasons no great precision is to be expected in an individual 
quantitative measurement of absolute intensity but data on the pressure 
dependence are believed to be qualitatively correct. 

The apparent band intensities were calculated from plots of log J,/7 vs. wave- 
number (or wavelength) followed by a graphical determination of the area. All 
results are given in ratios of the intensity at a given pressure to that at the lowest 
pressure recorded. In this manner, many problems associated with the computa- 
tion of integrated intensities have been minimized or cancelled. 

Intensity ratios calculated from the integrated expression [3] for band 
intensities 


A [K /el] Av, In 


gave results in essential agreement with those obtained graphically. In this 
equation Av, is the band half-width, K is a proportionality constant, A the band 
area, ¢ the concentration in moles per/liter and / the path length in centimeters. 
In these experiments the product ¢c/, which is a measure of the quantity of material 
in the beam, is considered to be constant. 


Results 

The following are examples of infrared spectra taken at high pressures for some 
selected substances. Specimens were obtained from chemically pure analyzed 
stock supplies. No attempt at further purification was made. The structures of 
these substances are usually quite complicated and in general it is not possible to 
interpret the changes which are occurring under pressure in terms of changes in 
structure. 
Benzoic acid 

The infrared spectrum of benzoic acid was studied extensively to calculated 
pressures of 50,000 atm. The results of one typical run are given in Fig. 2. These 
spectra were taking consecutively on a sample after it had been established that no 
further extrusion was taking place. The order of recording the spectra at the 
different pressures was 46,000, 8000, 48,000, 3000 atm, respectively. The spectra 


3) D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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have been displaced vertically to prevent confusing overlap of the bands. These 
spectra serve to illustrate two points. First, the relative shifts of most infrared 
absorption bands with pressure are small. The shifts here are either to higher 
frequencies, or are zero within experimental error. For example, there is a definite 
' 


WAVENUMBER, CM 


1400 1300-1200 00 900 
T T T T T 


TRANSMISSION 


1 
9 10 
WAVELENGTH, MICRONS 


Fig. 2. Infrared spectrum of benzoic acid at calculated pressures 46,009, 8000, 
48,000 and 3000 atm, respectively. 


shift of a few wavenumbers associated with the 720, 810 and 930 em~! bands, 
respectively. The 720 and 810em~! bands correspond to out-of-plane C—H 
bending vibration while the 930 cm! band is an O—H out-of-plane bending 
vibration for the acid dimer structure. Secondly, these spectra illustrate that 
definite changes of intensity occur on the application of pressure and that these 


changes are specific with respect to different modes of vibration. In particular, 


some bands show little, if any, change of intensity on the application of pressure 
while others show large changes in both maximum absorption and apparent band 
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area. The bands which show a marked decrease in intensity are 810, 930, 1000, 
1030. 1130. 1195, 1305, 1435 and 1600 em~', respectively. The band areas for the 
bands at 810, 930 and 1195 em=! have been measured graphically in terms of the 
ratio of the area at high pressure to that at low pressure. The band areas for these 
peaks decrease by factors of 0-67, 0-5 and 0-67, respectively. Because of the 
uncertainty of locating the background, no area measurements were made for the 
other bands. However, it is clear that the decrease is rather large for the 1000 em™! 
band and for the aromatic frequencies near 1600 cm 1 The least change of intensity 
seems to occur for the bands at 1455, 1335 and 1070 em~}, respectively, but 
quantitative measurements are not possible because of overlapping. The carbonyl 
hand near 1700 em=! cannot be measured quantitatively because it occurs on the 
shoulder of the strong diamond band where there is only a limited amount of 
energy. The ay ailable data indicate that it shifts to lower frequencies The bands 
at 690 cm~!' may increase in intensity but again no reliable measurements could 
he made because of the shortage of energy. It should be noted that the bands 
associated [4] with the C—O single bond stretching mode and the coupled O—H 
bending C—O stretching mode (1195 and 1305 em7', respectively) both show 
large decreases in intensity. 

In some spectra taken at pressures greater than 48,000 atm, there was evidence 
for a phase change as indicated by the appearance of a band near 560 cm a, 


However. the change was sluggish and could not always be reproduced 


Succine acid 

The infrared spectrum of suc inic acid has been studied to pressures of 50.000 
ttm. The results of one series of spectra are given in Fig. 3. These curves are 
spectra taken conse utively on a sample at pressures of 44,000 6000 and 44,000 atm, 
respectively, after it was established that a fixed quantity of sample was remaining 
hetween the diamond faces. Most of the absorption bands show slight shifts to 
higher frequencies on application of pressure The 930 cm~! hydrogen bonded 
out-of-plane O—H deformation frequency gives a relatively large shift of nearly 
40 em~! to higher frequencies. The carbonyl band near 1700 em ! appears to 
undergo a small but definite shift to lower frequencies The behavior for these 
two frequencies may he understood in terms of the effect of pressure on the 


hvdroge! bond structure 


An increase of pressure on the sample would have considerably more effect on 
the relatively weak hydrogen bonds and less effect on the normal covalent bonds 
for this systen The O---O hydrogen hond distance would shorten with the 


result that with increasing pressure the hvdrogen bonds would become stronger. 


This would result in an abnormally high out-of-plane O H bending frequency 


4) L. J. Bes Inf Spectra of Complex Molecules p. 172 Wiley, New York (1958 
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and a lower carbonyl frequency. The O—H stretching frequency should shift t 
lower frequencies. This effect has been observed but the O—H._ stretching 
frequency was very strong in this specimen and gave essentially one hundred 
per cent absorption. Examination of the benzoic acid spectra (Fig. 2) shows that 
the effect of pressure on the out-of-plane bending and carbonyl stretching 
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Fig. 3. Infrared spectrum of succimi id at caleulated pressures of 44,000, 6000 and 
$4,000 atm, respectively 


frequencies may be interpreted in the same manner In general, most large 
frequency shifts that have been observed for pressures under 50,000 occurred 
where hydrogen bonds were present in the structure. Similarly most shifts of 
frequencies to longer wavelengths that persist above pressures of 10,000 atm 
have been observed only when hydrogen bonds were present in the structure 

A study of the intensity behavior of the bands in suc« inic acid on application 
of pressure was carried out by plotting log J,/7 vs. wavelength and calculating 
the integrated area. The effect of the pressure was then expressed by taking the 
ratio of these areas. The only bands that were sufficiently free of band overlap to 
justify integration were the bands near 805, 930 and 1205 cm~!, respectively 
For a change of pressure from 6000 to 44,000 atm these bands show changes in 
area by factors of 1:26, 1-0, O-S2, respectively. It should be noted that the 
intensity behavior of the 930 cm 1 O—H out-of-plane band in succinic acid is 
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considerably different from the corresponding band of benzoic acid where an 
increase of pressure from 3000 to 18.000 atm changes the band area by a factor 
of 0-5. The ¢ © single bond stretching band qualitatively gives the same 


intensity—pressure dependence in these two acids. Succinic acid is one of the few 
materials studied to date which shows both definite decreases and increases of 
integrated band area as a function of applied pressure. 


Naphthalen 
The infrared spectrum of naphthalene has been studied to pressures as high as 
50.000 atm. The results for a typical series of experiments are given in Fig. 4. 
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Fig. 4. Infrared spectrum of naphthalene at ¢ iuleculated pressures of 45.000 and 1 atm, 
re t 


elv. 


Considerable difficulty was encountered in obtaining a sufficiently thick film 
between the diamond surfaces to obtain adequate intensity of most infrared bands. 
The 45,000 atm spectrum was recorded followed by the equivalent spectrum 
taken near | atm pressure. Spectra taken at intermediate pressures indicate that 
the shift and broadening of the bands are continuous. There was some evidence 
for a discontinuous change occurring near 28,000 atm but subsequent runs did 
not definitely establish a phase change. 

The changes which occur in this spectrum are not understood in detail and we 
will give only a qualitative description of the effects of pressure. 

The very strong 752 cm 1 hand is broadened and shifted to 810 cm? at 


45.000 atm. The broadening of this hand seems to be due to high-frequency 
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components which appear continuously as the pressure is raised. The integrated 
band area appears to decrease only slightly with increasing pressure despite the 
fact that the corresponding absorption maximum decreases rapidly with pressure. 
This band has been assigned to a B,, C—H out-of-plane bending mode of 
vibration [5]. 

The 1125 em~! band is considerably broadened and shifted to 1136 em=! while 
the band area appears to be increased at 45,000 atm. This frequency was assigned 
as a B,, in-plane C—H bending frequency. 

The 1387 em~! (7-2 ~) band shifts a few wavenumbers to higher frequencies 
and is slightly broadened as the pressure is increased. This frequency corresponds 
to a B,, C—C stretching mode of vibration which involves the central carbon 
atoms of the fused naphthalene ring. 

The 1510cm~! B,, multiple bond stretching frequency is broadened and 
shifted to higher frequencies. The 1595 em~! C—C multi-bond stretching frequency 
is drastically broadened at the higher pressures and it was difficult to locate this 
absorption in some of the spectra taken at high pressures. In the | atm spectrum 
both the 1510 and 1595 em~! bands seem to show up poorly in that the band 
shapes have not completely returned to that observed before the application of 
pressure. The drastic broadening of these bands probably reflects the effects of 
compression of the material on the 7 orbitals of the ring system. 


Biphenyl 

It was not possible to keep a sufficiently thick sample of biphenyl between the 
diamond surfaces at high pressures to obtain a spectrum with reasonably intense 
bands. However, the high intensity of the C—H _ out-of-plane frequencies 
characteristic of mono-substituted benzene rings (700 and 730 cm!) made it 
desirable to study the effect of pressure on these bands. In Fig. 5 the effect of 
pressure on these bands is illustrated. There was some loss of specimen between 
the initial run at 12,000 atm and the final run at 8000 atm. A new band appears 
at 745 cm~! following the shifting or disappearance of the band at 730 cm~!. The 
700 em~! band has a high-frequency component appearing near 715 cm~'. Since 
the band at 700 cm~! has not shifted greatly, it is not clear whether this new band 
is due to the presence of two phases or whether it is due to a pressure gradient 
occurring in the specimen. The spectrum taken at 30,000 atm shows the presence 
of two bands at 735 and 745 cm~', respectively. Again, this may be due to a true 
splitting of this band, the presence of two phases, or a pressure gradient. 
Although no integrations were made, it appears that the areas of these bands 
(including high-frequency components) do not change significantly with pressure. 


p- Dichlorobenzene, 0-chloro-p-nitrophenol and p-nitrophenol 

The effect of pressure on the infrared spectra of p-dichlorobenzene, o-chloro-p- 
nitrophenol and p-nitrophenol is illustrated in Figs. 6, 7 and 8, respectively. The 
low-pressure spectra were recorded after the high-pressure spectra. 

The high-pressure spectrum for p-dichlorobenzene illustrates the usual small 


[5] E. R. Lipprncorr and E. J. O'Reitry, J. Chem. Phys. 23, 238 (1955). 
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Fig. 5. The effect of applied pressure on the 700 and 730 em~* bands of biphenyl. 


shift to higher frequencies and the corresponding drop in band intensities. Some 
of the bands are markedly broadened. The C—H out-of-plane bending frequency 
near 815 em~!, characteristic of para-substitution on the ring, is broadened and 
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Fig. 6. The effect of applied pressure on the infrared spectrum of p-dichlorobenzene. 


shifted to higher frequencies by about 15 cm~!. The band area is distinctly lower 
at the higher pressures. 

The effect of pressure on the spectrum of o-chloro-p-nitrophenol is characterized 
by the appearance of new bands (925 em~! and 1150 em~") and the disappearance 
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of bands present at low pressures (for example, see bands near 1015, 1060 and 
1450 em~!, respectively). In addition, there is the usual loss of band intensity 
and small shift to higher frequencies. The out-of-plane C—H bending frequency 
at 830 em~! is broadened and shifted to higher frequencies. It appears to consist 
of more than one band at elevated pressures. The out-of-plane C—H_ bending 
frequency characteristic of one free hydrogen atom attached to a benzene ring 
observed near 900 em! is broadened and appears to consist of more than one 
WAVENUMBER, CM” 
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Fig. 8. The effect of applied pressure on the infrared spectrum of p nitrophenol. 


component. This may indicate the presence of a pressure gradient across the 
specimen. The two bands characteristic of the nitro group NO, (anti-symmetric 
and symmetric stretching modes) which appear near 1545 and 1345 cm! are 
overlapped by aromatic C—C stretching and O—H bending frequencies. The 
overlapped bands of the nitro group show a shift to higher frequencies and an 
apparent decrease in band intensity. The C—O single bond stretching frequency 
near 1200 cm-! shows a distinct loss of intensity and a slight shift to higher 
frequencies. The aromatic C—C stretching frequency near 1600 em shifts to 
higher frequencies and is broadened. No measurements were made of band areas 
because of the extensive overlapping of bands. The large changes which occur in 
this spectrum on applied pressure are probably due in part to the effect of pressure 
on the hydrogen bonds present in the structure. 

When the pressure on p-nitrophenol is raised from 9000 atm to 44,000 atm, a 
number of changes occur in the spectrum. A number of bands have lower intensity 
at the higher pressure. The band near 760 em 1 however, appears to have gained 
intensity. The antisymmetric stretching frequency for the NO, group observed 


70 


400 300 80 
| | | 
A \ | r| 
| 9000 | 
| \ \ J my 4 
\ | VOL. 
AY 1 16 
i\ | \ 4 19060 
\ 
\ j \ j | 
? 12 5 4 
= 


Studies of infrared absorption spectra of solids at high pressures 


near 1530 cm~! clearly has lost considerable intensity even though it is overlapped 
by the C—C stretching frequencies. The symmetric stretching frequency of the 
nitro group observed near 1350 cm~! is broadened but does not appear to have a 
greatly reduced intensity. The band at 1300 em! which has been assigned as a 
C—N single bond stretching frequency by Kross and FasseEt [6] is almost lost in 
the shoulder of the 1350cm~! band and certainly has considerably reduced 
intensity. Similarly, the band at 1210 cm ~!, which may be a C—N stretching 
frequency, has lost considerable intensity, as has also the 1150 cm-! band. The 


aromatic C—C stretching frequency near 1650 cm~! is broadened but seems to 
have retained much of its band intensity at 44,000 atm. 


Ammonium halides 


The only band of the ammonium halides which was sufficiently intense and in 
a region of the spectrum suitable for studies at elevated pressures was the band 
corresponding to the degenerate N—H bending vibration observed near 1410 cem~!. 
Studies on NH,Cl and NH,Br to calculated pressures of 45,000 atm showed that 
this band did not shift position significantly with pressure. (Possibly a very 
slight shift to lower frequencies was observed as the pressure was increased.) 
Graphical integrations of the band area showed that there was no change or only a 
slight decrease of intensity (within experimental error) to 45,000 atm. Some of 
the spectra showed evidence of a weak high-frequency component but this could 
not be resolved with certainty from the main band. 


Hydrates 

A number of hydrates were investigated to pressures of 45,000 atm to study 
the effect of pressure on the H—O—H bending frequency. This frequency 
appears near 1630 cm~! in most hydrates. The O—H stretching frequency was 
not studied because it absorbed too strongly. The application of pressure did not 
produce any detectable change in the position of the bending frequency for any 
of the compounds studied. However, there was a definite change of intensity 
with pressure for a number of hydrates. For CoCl,-6H,O, the integrated band 
area increased by a factor of 1-9 as the pressure was decreased from 45,000 to 
4000 atm. Similarly, the integrated band intensity for CaSO,-}H,O increased by 
a factor of 1-35 as the pressure was changed from 44,000 to 4000 atm. However, 
studies on Na,CrO,-10H,O showed that the apparent integrated intensity of the 
H,O bending band decreased by a factor of 0-72 as the pressure was changed from 
49,000 to 4000 atm. Similar results were found for studies on the H,O bending 
frequency in Na,Cr,0,-2H,O. With CaSO,-2H,O (gypsum) the water bending 
band decreased in intensity by a factor of 0-72 when the pressure was decreased 
from 


53.000 to 6000 atm. 


Infrared spectra to 160,000 atm 


In order to investigate the performance of the diamond pressure cell at higher 
pressures, a number of runs were made to calculated pressures as high as 160,000 


6) R. D. Kross and V. A. Fassen, J. Am. Chem. Soc. 78, 4225 (1956). 
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lhis was accomplished by using diamonds with a small surface area 
s ~10°5 jn®) and using a 2/1 lever arm to apply the load of the calibrated spring. 
l'nder these conditions, the diamond faces deteriorated after a few runs. The 
most successful run is illustrated in Fig. 9 which gives the spectrum of p nitrophenol 
ealeulated pressure of approximately 160.000 atm followed by a 


taken at a 
ressure was reduced to 6000 atm. The thinness of the 


spec trum taken when the ] 
specimen and the lack of energy available at longer wavelengths arising from the 


small diamond surface area account for the apparent differences in the low-pressure 
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miter nel at caleulated pressures of 100,000 att 
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epectra of Figs. 8 and 9. Evidence for the high pressure is given by the unusually 
larce shift (50-60 cem™~') for the aromatic ‘ ( stretching frequency and the 
changes of intensity and shape oft m ny of the other bands For example, 
the bands near 1010 and 1025 ecm™~* are completely missing in the high-pressure 
spectrum while the 1210 em=? band has a greatly reduced intensity as do many of 
the other bands including the NO, antisymmetric stret« hing frequency. Unfortu 
nately. we do not have any information on the magnitude of the pressure 
sradients across the specimen, but in any case, the average pressure Is very high. 

»p-Nitrophenol was the only sample which gave an infrared spectrum which 
was essentially reversible from such extremely high to low pressures before 
deterioration of the diamonds necessitated a regrinding of the surfaces. Runs on 
bands appeared in the spectrum which did not disappear when the pressure was 


lowered. These changes were tentatively interpreted as due to a chemical reaction 


some other cor pounds to similar pressures gave large changes but a few new 


under pressure and will not be discussed here 
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Discussion 

In general it has not been possible to interpret the changes in the infrared 
spectra which occur in application of pressure in terms of the structures of the 
specific substances. The shift to higher frequencies which is observed at elevated 
pressures for many bands can qualitatively be interpreted as an increase of the 
importance of repulsive forces of neighboring molecules as compared to attractive 
forces as the pressure increases. In cases where shifts to lower frequencies occur, 
it would appear that attractive forces of neighboring molecules are initially exerting 
a greater influence on the atoms than the repulsive forces. Most of the shifts to 
lower frequencies observed to date have been for substances where hydrogen 
bonds are present in the structure. Such bonds are the result of relatively weak 
attractive forces between neighbors and it would seem that pressure tends to 
increase the strength of hydrogen bonds by increasing the attraction. Eventually, 
there must be some pressure where the repulsive forces become larger than the 
attractive forces and shifts to higher frequencies should again take place. 

If the cases where hydrogen bonds are present in the structure are excluded, it 
is clear that an applied pressure of the order of 40,000 atm has relatively little 
effect on the position of most absorption bands. This would indicate that such 
pressures do not produce significant changes in the bonds responsible for the 
spectra and that any phase changes that occur do not alter greatly the bond 
configuration of the molecule, although there may well be a change in space 
group symmetry of the unit cell. For the organic materials studied here, the 
decreases in volume at pressures of the order of 40,000 atmospheres is approxi 
mately 20 per cent [7]. Since the interatomic distances of atoms involved in the 
bonds do not change appreciably, there must be a large change in intermolecular 
distances. The present data indicate that the bonds are relatively insensitive to 
this change in intermolecular spacing. However, for pressures in excess of 
50.000 atm, such changes in structure may occur as is illustrated by the appearance 
of the spectrum of p-nitrophenol recorded at a pressure of 160,000 atm. 

The relatively large changes of integrated intensities which occur for pressures 
up to 50,000 atm suggest that relatively large changes in dipole moment 
derivatives are occurring for a number of modes of vibration. A discussion of this 
effect will be presented elsewhere. 


7) P. W. Bripemay, Proc. Am. Acad. Arts, Set 76, 0 (1945 
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Abstract—The infrared spectra of a number of methyl substituted polycyclic aromatic hydro- 
carbons (naphthalene, anthracene, pyrene, 1:2-benzanthracene and 3:4-benzophenanthrene) 
wen examined in the region of the methyl bending vibrations. The symmetric bending 
irs near 1382 em™!, x approximately 10 for unhindered methyl groups rising 
ly 20-30 where molecular overcrowding of the methyl group occurs. For the 
phenanthrenes, bands near 1460 and 1445 em™~' appear to be associated with 
Vibration 
Introduction 

MerTuy. groups generally give rise to two bands in the infrared near 1460 and 
1380 cm~'!, assigned to the asymmetric and symmetric bending vibrations, respec 
tively [1]. For the methyl-1:2-benzanthracenes, Fuson and Josten [2] identified 
the symmetric vibration as a band at 1382 + 3 em~', but were unable to assign 
any band(s) to the asymmetric vibration. These vibrations have been reported 
for toluene at 1450 and 1380 em~' [3]. Recently, the stretching vibrations of the 
methyl group in a number of methyl! substituted polycyclic aromatic hydrocarbons 
have been examined by Bapcer and Morrrz [4] and the intensities of certain 
bands were found to vary with the steric environment of the methyl group [4, 5]. 
Recent discussions [2, 6] on the assignment of the bands in the latter region for 
the methyl-1:2-benzanthracenes have indicated that the overtones of the bending 
vibrations of the methyl group may be involved in a Fermi resonance interaction 
with the fundamental stretching vibrations. A number of methyl substituted 
polyeyclic aromatic hydrocarbons have now been examined to study the bending 
vibrations of the methyl group in relation to the steric environment of the methyl 

group and the assignment of the asymmetric bending vibrations. 


Experimental 

The source of most of the compounds has been reported previously [4]. 3- 
Methylpyrene (m.p. 70-1°C) was kindly supplied by Union Carbide Co., and 
t-methyipyrene (L. Light & Co.) after recrystallization had m.p. 143°C, The 
infrared spectra were determined with a Grubb Parsons 84, double-beam spectro- 
meter using a calcium fluoride prism, which was calibrated against the water 
vapour bands in this region [7]. Carbon tetrachloride was used as the solvent in 

Bi y. 7 mplex Molecules Chap. 1. Methuen, London (1958) 
} SON al Jos cm 78, 3040 (1056 
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0-2-1 mm cells. Apparent molecular extinction coefficients were calculated from 


the relationship ¢,,,, log T,/7', where c is the concentration (moles/|.) and 


l is the path length (em). No account has been taken of finite slit width or of over 
lapping bands in the calculations, and for this reason the values found are only 


approximate. 


Results and discussion 


The asymmetric bending vibration 


Fuson and Josren [2] found that for the methyl-1:2-benzanthracenes, the 
1490-1400 cm”! region was very crowded as a result of the superposition of 


perhaps several skeletal vibrations as well as the band(s) due to the methyl group. 
To clarify this position, the infrared spectra of 3:4-benzophenanthrene (1) and its 
six methyl derivatives have been examined and the results are given in Table 1. 


Table 1. Absorption bands in the 1530-1375 em~! region for 3:4-benzophenanthrene 
and its methyl derivatives* 


Position of 1460 4 1445 2 1382 1 pa 
methyl group 


§ 1522 = 1500 1422 

1520 1497) «1490 1463 1444 1429 1396 1383 21 

2 1525 1506 1491 | 1457) 1445) «1424 1402 1383 22 

5 1517 1491 14487 1426 = 1396 1383 24 
) 6 1524 1508 1496 1456 1443 1431) 1421 1381 12 

7 1521 «1505 «1497 (1459) 14451425 1382 10 

1495 1462 1447 1426 1382 23 


In carbon tetrachloride. 
Apparent molecular extinction coefficient for band at 1382 em~! (moles~'-l.-em~'). 


ate 


a See text. 
Parent compound. 
} 3:4-Benzophenanthrene has only one principal absorption in the 1490-1400 
a em”! region, at 1422 em~', and thus the band(s) due to the asymmetric bending 
“ vibration of the methyl group would not be expected to be overlapped by any 
: bands due to skeletal vibrations. In the spectra of the six mono-methyl! deriva- 

tives, additional bands of variable intensity at 1460 + 4 em~! and 1445 + 2 em"! 


appear for each isomer with the exception of the 5-methyl derivative. In this 
case, the methyl group is sterically hindered and displaced out of the plane of the 
remainder of the molecule.* The observation of two bands near 1460 and 1445 


em”! in the region anticipated for the asymmetric bending vibration, is unexpected. 
However, the C—H stretching bands of methyl groups attached to aromatic rings 
usually show five bands instead of the normal two [2, 4]. In this connection, the 
results of Norn and Jones [9] for diethyl ketone are of interest as they observed 


* This is evident from the fact that 5-methyl-3:4-benzophenanthrene-8-acetic acid has been resolved 
into its optically active components [8]. 5-Methyl-3:4-benzophenanthrene also shows an anomalous 
absorption in the C—H stretching region, and steric hindrance has also been suggested to explain this 
result [4]. 

[8] M. S. Newman and W. B. Wueat ey, J. Am. Chem. Soc. 70, 1913 (1948). 

[9] B. Nour and R. N. Jones, J. Am. Chem. Soc. 75, 5626 (1953). 
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by deuteration studies that the methyl group is responsible for the bands at 1461 
and 1454 (shoulder) em~'. 


While it is suggested that both the 1460 and 1445 em~ bands are due to the 
methyl group, it is possible that skeletal vibrations may also occur in this region 
[10] with the introduction of the methyl group and a deuteration experiment is 
necessary to confirm these results. Two bands near 1460 em ! are anticipated by 
the recent assignment of the absorption bands of methyl groups in the 3000 em . 
region | 6} 

The suggestion by Fvson and Josren that the band near 1476 em 1 in 1:2- 
benzanthracene and the methyl substituted 1:2-benzanthracenes is due to a 
skeletal vibration is supported by the present study because no band near this 
frequency is found in the methyl! 3:4 benzophenanthrenes. 

The bands near 1500 cm~! observed for the latter compounds may be assigned 
to a skeletal vibration 


The symmetric he nding vibration 


For the methyl-3:4-benzophenanthrenes, an additional band is observed at 
1382 1 em~!, which is the symmetric bending vibration. Fuson and Josten 
found that for the methyl-1:2-benzanthracenes this vibration occurs as a band of 


variable intensity at 1382 8 em-!. A re-examination of these compounds 


showed that a band occurred in each case in the range 1380-1383 em 1 with the 


a 


exception of 1:2-benzanthracene (II) itself (Table 2). The band is weak (¢ 
approximately 10 or less, see experimental) in the 2’-, 3'-, 6- and 7-isomers in which 
the methyl group is not hindered. In all other isomers, molecular overcrowding 
of the methyl group occurs and the band is stronger (¢) ya. approximately 20-30). 

Similarly, the band is weak in 6- and 7-methyl-3:4 benzophenanthrenes in 
which the methyl group is unhindered, and stronger in the remaining isomers 
(Table 1). Measurements of the symmetric deformation vibration of the methyl 


group of toluene, 1- and 2-methylnaphthalenes, 2 and 9-methylanthracenes and 
3- and 4-methylpyrenes (Table 2) have supported the generalization that eax 8 @ 
vood discriminator of the steric environment of the methyl group. This result is 
not in agreement with the suggestion of ELttiorr and Mason [11] that steric 
hindrance between a C—H bond and a methyl or amino group in the peri positions 
of pyrene may be small or absent because of the long nuclear carbon-carbon 
bonds separating these positions. This is apparent from the fact that the sym- 


> 


metric bending vibration of the methyl group in 3-methylpyrene occurs at 1381 


10) L. J. Betitamy, The Infrared Spectra of Complex Molecules Chap. 5. Methuen, London (1958) 
{11) J. J. Exvwiorr and S F. Mason, J. Chem. Soc. 1275 (1959) 
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The bending vibrations of methyl groups attached to polycyclic aromatic hydrocarbons 


(CCI,), = 23, typical of a methyl group hindered by a peri hydrogen 
7 atom, whereas with 4-methylpyrene, the band is at 1380 em-!, anes == 9. 

zi CoLE et al. [12] have suggested that the higher symmetric bending frequency 
4 in cis-2-methyleyclohexylmethanol (axial methyl group, 1381 em~!) compared with 
: the trans isomer (equatorial methyl group, 1377 em-) arises from steric repulsion 
j of the axial hydrogen atoms. No shift with steric interference, as in I’- and 9 


methyl-1:2-benzanthracenes and 5-methyl-3:4-benzophenanthrene is observed 


Table 2. The position and apparent molecular extinction coefficients (in CCl,) of the 


symmetric bending vibration for methyl groups attached to polycyclic aromatic 


hydrocarbons * 


Position of the 


Present work 


methyl gr 


Methyl-1:2-benzanthracene 1’ 381 37 382 
9 380 10 380 
3 384 *** 
4 381 382 
3 3838 24 388 *** 
4 83 
5 S80 


380 


380 
380 


3837 29 


381 


Methyinaphthalen 


Met hy lanthracene 


Met hy Ips rene 


* See also Table l ++ B ind also at 1378 cm J 


+ Reported by Fuson and Josten [2} Band also at 1390 

* Band also at 1388 em~'. $$ Insufficient available for accurate 
§ This is a shoulder on the band at 1390 em~. measurement. 

** There is a shoulder at 1378 em-!. *** Average wavenumber of doublet 


with the compounds examined here. This fact, combined with the narrow range 
over which the absorption occurs, should be useful in diagnostic work. Measure 
ments of ef... would then distinguish between different steric positions of the 


methyl group. 


Acknowledgements—The writer wishes to thank the CSIRO for a Senior Research 
Studentship. The infrared spectrometer was purchased with the aid of a grant 
from the Rockefeller Foundation. 


12] A. R. H. Core, P. R. Jerrerres and G. T. A. Mi'cier, J. Chem. Soc. 1222 (1959 
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Abstract—The distribution of potential energy among various internal co-ordinates was calcu- 
lated for each normal mode of vibration of a borazole molecule as well as of a B-trichloro- 
borazole molecule. Based on these calculations, the assignments of major infrared absorptions 
of B-trichloroborazole and B-trichloro-N-trimethylborazole to fundamentals were carried out, 
and the presence of a borazole ring was confirmed in the molecules of some newly synthesized 
borazole derivatives 
Introduction 

Tue infrared and Raman spectra of borazole have been recorded by CRAWFroRD 
and Epsauu [1] and by Price et al. [2], and the assignments of fundamental 
frequencies have been carried out. The results have been helpful in confirming 
the presence of a borazole ring in newly synthesized borazole derivatives [3, 4, 5}. 
However, various substituent groups affect the normal frequencies characteristic 
of a borazole molecule in different ways. In addition, the effect of a substituent 
group depends upon the kind of normal frequencies. In order to use the funda- 
mental frequencies of borazole as a criterion for the existence of a borazole ring in 
the molecules of borazole derivatives, it is desirable to clarify this point. The 


present investigation was undertaken in an effort first to elucidate the coupling 
between various stretchings and deformations of bond distances and valency 


angles, respectively, of a borazole molecule by calculating the distribution of 
potential energy among various internal co-ordinates for each normal mode of 
vibration. Secondly, we recorded the infrared absorptions of B-trichloroborazole 
and compared the observed frequencies with those calculated from the force 
constants of borazole and boron trichloride. Based on the results, further assign- 
ments were undertaken on some other borazole derivatives. 


Distribution of the potential energy of a borazole molecule 
among internal co-ordinates 
Electron diffraction investigation [6, 7] have shown that the molecule of 
borazole belongs to the point group D,,. We assumed* a simple valence-force 


* We have also tried the Urey—Bradley potential field, which, however, involved some negative 
force constants for repulsion and was therefore abandoned for the present purpose. SPURR and CHANG [8] 
proposed an in proved field of force for out-of-plane vibrations. 


L. CRAWFORD and J. T. Epsatuu. J. Chem. Phys. 7, 223 (1939). 
Price, R. D. B. Fraser, T. 8. Rospinson and H.C. Loncuet-Hieerns, Discussions Faraday 
131 (1950 

). Ryscuxewirscnu, J. J. Harris and H. H. Sister, J. Am. Chem. Soc. 80, 4515 (1958). 

J. Becwer and 8S. Frick, Z. anorg. allgem. Chem. 295, 83 (1058). 
M. L. Laprerrt, J. Chem. Soc. 59 (1959 
A. Srock and R. Wier, Z. anorg. allgem. Chem. 203, 228 (1931). 
S. H. Baver, J. Am. Chem. Soc. 60, 524 (1938). 
R. A. Spurr and 8. Cuane, J. Chem. Phys. 19, 528 (1951). 
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potential having no cross terms, as also did CRAwrorD and EpsaLu. Accordingly, 
vibrations in the molecular plane can be treated separately from nonplanar 
distortions. The potential function V for the former has the following expression: 
2V = KX,(Au,)? + _(As,)? + 


+ ku,2X,(Ax,)? + + ? 


where w,, s, and ¢, are, respectively, the ith B—N, B—H and N—H bond distances: 
a, is the ith “NBN or / BNB angle: #, and f’, are the deviations of the ith 
B—H bond and N—H bond from their respective normal directions coincident 
with the bisectors of the / NBN and the / BNB angle. The equilibrium distances 
and angles, w,, So, to, %» Bo and fp’, are 1-44 A, 1-20 A, 1-02 A, 120°, 0° and 0°, 
respectively. K, dp, 7x, k, Hy and Hy denote force constants corresponding to 
changes in these bond distances and valency angles. Similarly, one has the follow- 


ing potential function for out-of-plane vibrations. 


2) hxty 39," Kd 


Here, y, denotes the angle between the ith B—H bond and the adjacent NBN 
plane: 4, is that between the ith N—H bond and the adjacent BNB plane: e, is 
the twist angle about the ith B—N bond or the angle between the projections of 
two B—N bonds adjacent to the ith B—N bond on a plane normal to the bond: 
d equal to wu, cos 30° is the projection of the equilibrium B—N distance on a plane 
normal to the adjacent B—N bond. Force constants, h,, hy and « refer to changes 


in these three angles, respectively. 
Using the force constants evaluated by CRawrorp ef al. as listed in Table | 


Table 1. Foree constants for a borazole molecule in 10° dyn/cm 


N stretching K 6-300 


H stretching 3-423 
N—H stretching qx 6-524 
Planar ring distortion k 0-525 
Planar B—H bending Hy 0-35 
Planar N—H bending Hy 0-65 
Nonplanar B—H bending hp 0-23 
Nonplanar N-——-H bending hy 


B N torsion 


along with molecular parameters given above, the distribution of potential energy 
among various internal co-ordinates was calculated by a method due to Morino 


and Kurcnirsu [9]. The results are shown in Table 2. 


Normal frequencies and potential energy distribution of a 
B-trichloroborazole molecule 


The structure of a B-trichloroborazole molecule has been determined by means 


of X-ray crystal analysis [10] as well as electron diffraction by gas molecules [11]: 


‘9] Y. Morrno and K. Kvucnuirsv, J. Chem. Phys. 20, 1809 (1952). 
10) D. L. Coursen and J. L. Hoarp, J. Am. Chem. Soc. 74, 1742 (1952). 
{ll} K. P. Corrr and 58. H. Baver, J. Chem. Phys. 59, 193 (1955). 


k 0-10 
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Table 2. Distribution of potent ial energy among internal co-ordinates of a borazole 
molecule* 


(R), Planar 


1 


Wavenumber, calc. 2550 O44 S42 


imber, 


N--H stretching, ¢ O-0 O-5 
B H stretching, oo 1-8 oo 
Ring distortion, « 0-2 O-8 19-0 10-8 


N stretching, 


Nonplanar 


Wavenumber, obs. 


Wavenumber, calc. 1278 756 403 

B—H bending, ; 22-9 55-1 224) 
N H bending, 55-6 39-2 
B—N torsion, 21-5 5-7 12-7 


Wavenumber, obs 5490 2530 L605 1465 1s 71s 519 
Wavenumber, cale. S440 2531 1500 1314 949 740 530 
N—-H stretching, ¢t oo Ol 


H stretching, 4 oo Oo 


N stretching, u 


H bending, 


Ni ny lanar 


Wavenumber, obs 


Wavenumber, cal 787 282 

B—H bending, 15-2 77-5 7-3 
bending, 0 78-3 19-3 2-4 
B—-N torsion, ¢ 6-5 3-2 90-4 


* R stands for Raman-active and 1.r. for infrared-active. v,, 7, and r, are inactive both in Raman 


ctra 
SO 


Ue 
"9 "10 

| LOSS 649 
7 
4 6 
KE’ (ir... R), Planar 
0.0 64-8 10-5 O4 9-2 
Ring distortion, « on Oo 1-6 3 
3:7 7 2 

(R), 
‘ 
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molecular parameters thus obtained being as shown in Table 3. Since the structurs 
is analogous to that ofa borazole molecule, the normal frequencies and the potential! 
energy distribution can be evaluated if force constants are known. It was assumed 
that force constants for a borazole molecule were valid for a B-trichloroborazole 


Table 3. 


Structure of a B-trichloroborazole molecule 


X-ray analysis Electron diffraction 


B 1-4 0-013 1-41 0-02 

BCI (A) 1-754 0-019 1-78 0-03 

N--H (A) 1-O1 (assumed) 
NBN (>) 118-5 (assumed) 
BNB 120-8 

(A) 5-505 O-O15 

B---B(A) 2-457 0-O1] 

N N (A) 2-433 0-001 


molecule provided that the values of q,, Hy, and hy, were replaced by those of 
boron trichloride [12] evaluated for the valence-force field as shown in Table 4. 


The calculated frequencies and the distribution of potential energy among internal 
co-ordinates are given in Table 5. 


Table 4. Force constants for a B-trichloroborazole molecule in LO’ dyn/em 


B—Cl stretching 1-63 
Planar B—C1 bending Hy 0-16 


Nonplanar B—Cl bending iB 0-42 


Infrared absorptions of B-trichloroborazole 


The sample was synthesized by Brown and LavBencayer’s method [13] and 


purified by sublimation: m.p. 84°C. Carbon bisulfide solutions were prepared in 
an atmosphere of dry air. Inrafred absorptions were recorded over rock-salt and 
potassium bromide regions using a Perkin Elmer 12C infrared spectrometer. 
The frequencies of the absorption maxima are listed in Table 6. 

A strong absorption at 3442 cm~! can be assigned unequivocally to the N—H 
stretching mode, »,,. A weak absorption at 1613 cm~! was assigned to »,, corre- 
sponding to v,, of borazole at 1605 cm~', because these normal frequencies have 
potential energy distributed mainly among internal co-ordinates involved in the 
ring and consequently are presumed to be scarcely affected by substituents. A 
strong absorption at 1442 em~! is a characteristic band of a borazole ring: borazole 
and its derivatives described below also show a strong band in the vicinity of this 
frequency. Based on the frequency data, this band was assigned to »,, having its 
[12] G. Herzperc, Molecular Spectra and Molecular Structure Vol. Il. Infrared and Raman Spectra of 

Polyatomic Molecules. Van Nostrand, New York (1945); L. P. LiypEMAN and M. K. WILson, 


J. Chem. Phys. 24, 242 (1956 
[13] C. A. Brown and A. W. Lauspencayer, J. Am. Chem. Soc. 77, 3699 (1955). 
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Table 5. Normal frequencies and the distribution of potential energy among internal 


co-ordinat« sota iri hl rroborazole molecule 
‘(R), Planar 


"3 


Wavenumber, cale 3433 

VN—-H stretching, t 100-0 
B—Cl stretching, 4 0-0 
Ring distortion, « 0-0 


B—N stretching, u 0-0 


i.r.), Nonplanar 


Wavenumber, cal 
B—Cl bending, y 
B—H bending, 0 
B—N torsion, ¢ 


1348 S44 347 

0-0 0-0 0-0 

48-8 0-0 51-4 

25-6 50-0 24-4 

25-6 50-0 24-4 

Vs "9 "10 

Wavenumber, obs. 1217 706 

Wavenumber, cak 1492 755 118 

bending, 7 15-3 26-5 28-1 
: N—H bending, 0 34°7 65-1 0-0 

B N torsion, 71-7 VOLe 
16 

} ir.. R), Planar 

1 "12 "13 "15 "16 "17 

7 Wavenumber, obs $430 1613 1442 1033 741 326 

Wavenumber, ca $433 1643 1380 7174 368 106 

NH stretching, ¢ 100-0 On 0-0 0-0 oo 0-0 

B—C1 stretching, « 9.2 13-2 210 31-9 24-2 0-6 

Ring distortion, 10-9 1-4 1-6 15-6 67-4 O-4 

‘ 

B—Cl bending, Ooo 2-9 Oo 94-3 

N H bending, a3 7240 ol oo 

Mis "20 

1196 825 144 

42-3 46-1 11-6 

48-9 50-4 0-6 
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potential energy distribution mainly among ring distortions. It has a shoulder at 
1452 cm~ attributable to an isotope effect. Since natural abundance ratio of boron 
isotopes, "B and ™“B, is 81:19, the abundance ratio of "B,CI,N,H, and 
"B,"BCI,N,H, is about 5:4. The isotopic shift of the wavenumber calculated 


Table 6. Infrared absorptions of B-trichloroborazole* 


Wavenumber Assignment, 
Intensity 


wavenumber, calc. 


3442 strong 
3289 weak 
2915 “ak 
2773 weak 
2725 
2611 “ak 
2564 “ak 
2494 
2062 ak 
1887 reak 
1792 ak 
1773 “ak 
1613 weak Yio, 1643 
1452s strong | 
1442 very strong! 


1376 medium 


1380 


1335 medium Vig 1032 326 
1250s weak 

1217 medium las 1492 

1143 

1117 “ak 

1093 “ak 

1044 “ak 


1037 weak 


"16 


1032 fairly strong 
750 weak | 
744 medium! 
730 weak 
706 fairly strong 
654 weak 


647 medium 


* Shoulders are indicated by sh. 


by the perturbation theory [1] is 14 cm~' in good agreement with the experimental 
shift of 10 em~-!. A band at 1032 em~! having a shoulder at 1037 cm" was assigned 


to »,,, a normal frequency of N—H bending in the molecular plane coupled with 
B—C]I stretching. The agreement of the observed isotopic shift of 5 em-! with 
the calculated value of 6-6 cm~! indicates the adequacy of this assignment. Absorp- 
tion maxima at 706 and 744 cm~! were assigned to », and »,,, respectively, because 


calculated frequencies favor these assignments and also because the out-of-plane 


83 


a i 
«1041 
-- 
15° 114 
Vas 
» 
2736 2 326 
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X—H bending vibrations of borazole and related compounds are known to show 
fairly intense absorption 5) 

\ band of medium intensity at 647 em | having a shoulder at 654 cm"! has 
no corresponding calculated frequency in fundamentals. It was tentatively 
assigned to the overtone of v,,. There are still three bands of medium intensity at 
1217. 1335 and 1376 em~! to be assigned, while only one fundamental frequency 
y. remains in the frequency range studied. In view of the fact that the observed 
frequency 1088 em 1 of the corresponding nonplanar vibration ¥, of borazole is 
considerably smaller than the calculated frequency 1275 em 1 it seems to be 
adequate to assign one of the three bands mentioned above to x,. Some of the 
weak absorption peaks can be explained as overtone or combination bands: for 
instance, a pair of hands at 1773 and 1792 em~' may arise from the combination 
of appearing at 1442 and 1452 em~! with the band at 10935 em may be 
the combination band of »,, and »,,, and those at 1335 and 1376 em-! may be 
and v4, Vie. respectively This suggests that the assignment of the band 


14 16° 
it 1217 em~! to r, Is adequate 

Thus, all the prominent absorption peaks have been reasonably explained. 
In view of compli ations. such as due to the effect of boron isotopes, the solvent 
effect. etc.. it seems to be hardly feasible at the present stage to carry out complete 


assignments of other weak peaks to overtones and combination frequencies. 


Infrared absorptions of B-trichloro-N-trimethylborazole and 


hexamethylborazole 
B-trichloro-N trimethylborazole was synthesized by Brown and LAUBEN 
GAYERS method 13] From this compound, hexamethylborazole Was prepared 


by the method of RyscHKEWITSCH et al.{3). The samples of these compounds were 
purified by sublimation. Both carbon bisulfide and carbon tetrachloride were used 
is solvents. Infrared absorptions were recorded over rock-salt and potassium 
bromide regions by means of an infrared spectrometer of DS-301 type from the 
Optical Research Institute, Tokyo Kyoiku University. In Table 7 and Table 8 
are listed the absorptions of solutions in carbon bisulfide, except in regions where 
the solvent showed its absorptions. In these regions, the data of carbon tetra 
chloride solutions are given 

\ group of hands observed in the wavenumber range 2800—2051 em! for 
each of these two compounds can be assigned unequivocally to the ¢ H stretching 
mode of methyl groups. The strongest hands at 1392 and 1402 em~! of the two 
compounds, respectively, corresponding to V5 of B-trichloroborazole are charac 
teristic of a borazole ring. Another characteristic band corresponding to of 
B-trichloroborazole was found at 1610 em~! for hexamethylborazole. This 
characteristic band is weak and could not be located for B-trichloro N-trimethy| 
horazole 

It is known that the bending and rocking frequencies of a methyl group 
observable below 1500 em”! have their potential energies distributed mainly in 
the methyl group and are almost unaffected by the rest of the molecule [14]. 


i4 1. NAKAGAWA Nippon Kagaku Zasal 75. 535. 1250 (1954); Thid 7 » 540 (1055) 
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4 
2045 medium) 
ae 2912 sh weak C—-H stretching 
2860 weak 
2817 sh weak 
1496 sh weak 
1485 sh weak 
1460 sh medium | 
1452 | Degenerate H bending 
1417 sh weak 
1405 sh strong | 
1392 Ring distortion 
1281 medium stretching 
1193 weak 
1008 sh weak 
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Accordingly, the band at about 1450 cm~! was assigned to the degenerate bending 
vibrations of methyl groups. 


“ The symmetric bending vibration of methyl groups attached to nitrogen was 
: presumed to be masked by a very strong band characteristic of a borazole ring. 
2 An absorption of hexamethylborazole at 1326 em~! having no counterpart in the 
9 spectrum of B-trichloro-N-trimethylborazole was assigned to the symmetric 
Bi bending vibration of methyl groups attached to boron. 

Table 7. Infrared absorptions of B-trichloro-N-trimethylborazol 


Wavenumber 
: Intensity Assignment 
(em ) 


OOS 


weak 


strong! 
stretching 


975 strong! 
S11 weak 
786 weak 
759 weak 
708 medium 
; 683 sh weak 
a 674 medium 
669 medium 
658 medium 


Although Price ef al. [2] have assigned an absorption of N-trimethylborazole 
at 1294 em-! to ring vibration, the corresponding absorptions of 3-trichloro-N 
trimethylborazole and hexamethylborazole at 1281 and 1279 em~', respectively, 
ought to be considered as N—C stretching vibrations, because these absorptions 
are characteristic of borazole derivatives having methyl groups attached to 


. nitrogen. Another band characteristic of this type of compound was found at 
1087 em-! for B-trichloro-N-trimethylborazole, at 1104 em~! for hexamethy! 
Ns borazole, and at 1107 em~ for N-trimethylborazole [2]. This band was assigned 
. to the rocking mode of methyl groups. B—C! stretchings usually absorb in the 


J 
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wavenumber range 900-1000 cm~'. In fact, b-trichloro-N-trimethylborazole 
shows a strong absorption at 975 em~!, which has no counterpart in the spectrum 
of hexamethylborazole. This absorption assigned to the degenerate B—C|! stretch- 
ing mode in the molecular plane has shoulders on the shorter wavelength side 
presumably due to the effect of boron isotopes. 


Table 8. Infrared absorptions of hexamethylborazole 


Wavenumber 
1) 


Intensity Assignment 
(em 


2951 fairly strong) 

2013 fairly strong! steotening 

2833 mediurn 

2047 weak 

1610 weak Ring distortion 

1498 sh weak 

1489 sh weak 

1480 sh weak 

1471 sh weak 

oh Degenerate C—-H bending 
1402 very strong Ring distortion 

1326 medium Sym. B CH, bending 
1279 fairly strong N—C stretching 

1104 fairly strong N-—CH, rocking 

1024 medium 

O65 weak 

891 sh medium 

880 fairly strong B-—CH, stretching 
weak 

733 weak 


medium 


The only band of a considerable intensity still to be assigned is the band of 
hexamethylborazole at 880 cm~'. It was tentatively assigned to the B—CH, 
stretching mode, since out-of-plane vibrations are expected to absorb in the 


region of longer wavelengths. 


Infrared absorptions of other borazole derivatives 

b-trimethyl-N-triphenylborazole, B-triethyl-N-triphenylborazole, B-tributyl- 
N-triphenylborazole, hexaphenylborazole, B-trichloro-N-triphenylborazole, B- 
trichloro-N-tributylborazole, B-trichloro-N-triethylborazole and hexaethylbora- 
zole were prepared and their infrared absorptions were recorded. Owing to the 
complexity of the molecules involved, the complete assignments of fundamentals 
were not feasible. However, strong bands characteristic of a borazole ring were 
observed at 1376, 1387, 1382, 1368, 1378, 1418, 1442 and 1417 cm-, respectively. 
Like the corresponding bands of B-trichloroborazole at 1442 em-! and of B- 
trichloro-N-trimethylborazole at 1392 cm", these bands had a shoulder or 
shoulders on the shorter wavelength side, indicating beyond all doubt that a 
borazole ring is present in these molecules. 
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Abstract—The concept of group frequencies is particularly useful in the interpretation of the 
infrared spectra of organosilicon compounds. Because of the insulating effect of the silicon 
atom, spectra of these compounds can be considered approximately as the sum of independent 
vibrations of the substituent groups. In this paper, many of the characteristic absorptions of 
these groups are discussed in terms of their use in identifying and characterizing molecular 
species. The molecular motions which give rise to some of these absorptions are also discussed. 
Some of the perturbing influences on the group frequencies are enumerated, and examples given 
of their effect. Numerous references are made to the results of other workers on individual 
molecules. A chart is presented which summarizes the correlations given. 


Introduction 
Srvce the appearance of the first papers on the infrared spectra of silicones [1-3], 
a number of publications have dealt with more or less complete spectral analysis 
of specific molecules. Since organosilicon compounds are encountered more and 
more frequently, it seems appropriate to review and bring up to date the published 
literature on their infrared spectra. In this paper we shall attempt to consolidate 
the information bearing on structure—spectra correlations, and add such informa- 
tion from our own experience as is necessary to round out the picture as well as 
to resolve some conflicting interpretations of the infrared data. In addition, we 
present a number of new correlations which should prove valuable in the char 
acterization of new or unknown structures. Any assignment of vibrational fre 
quencies should, of course, be consistent with these correlations. 

To a much greater extent than with conventional organic structures, silicones 
can be considered as an aggregation of independently vibrating systems, each 
with a characteristic zero-order frequency. In other words, the spectrum of an 
organosilicon molecule can be considered approximately as the sum of absorption 
peaks arising from essentially independent group vibrations. Small shifts from 
these characteristic frequencies are to some extent predictable, so the assignment 
of molecular structure is in many cases comparatively simple. Such perturbations 
of group frequencies as do occur usually arise from: 

(1) The inductive effect of neighboring groups or atoms. 

(2) Coupling or interaction of vibrations. 

(3) Steric effects such as bond strain. 

The vibrational insulation provided by the silicon atom can probably be 
attributed at least in part to the fact that its size and mass are greater than those 
of carbon. 


fl] N. Wricur and M. J. Hunter, J. Am. Chem. Soc. 69, 803 (1947). 


, W. Youns, P. C. Servais, C. C. Currre and M. J. Hunter, J. Am. Chem. Soc. 70, 3758 (1948). 
t. E. Ricwarps and H. W. Tuompson, J. Chem. Soc. 124 (1949). 
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Another characteristic of the spectra of silicones is the large absorption inten- 


sities of bands falling at wavelengths greater than 7-5 w. This intensity may result 


at least in part from the electronegativity difference between carbon and silicon 
which results in a greater ionic character of the Si—C bonds [1]. The C—H 


stretching and bending bands in the 2-7-5 mw region are correspondingly weak as 


compared to conventional organics, probably because of the smaller C-—H dipole 
resulting from withdrawal of electrons from the (—H bond by the strong Siv€ 
dipole 1] 

In the discussion we will consider separately the characteristic vibrations of 
each substituent on silicon, with particular emphasis on those frequencies which 
ean be used for identification of the group. In many cases, band shapes and 


relative intensities are significant, and some examples which illustrate this point 
will be shown. 
Experimental 
Spectra were run on a Model AB-! Baird double-beam infrared spectrometer 
equipped with a sodium chloride prism, and on Perkin-Elmer model 112 single 
beam spectrometers equipped with CaF, and KBr prisms. Wherever possible, 


samples were run as solutions in a 0-1 mm cell. Because of the great intensity of 


some absorptions and the weakness of others, best results were obtained by using 


concentrations of 100 mg/em? in CCI, (2-7-5 and 20 mg em® in CS, (7-5-24 


In the case of chlorosilanes, special handling technics were necessary |4]. Wave- 


length accuracy of the correlations given for the sodium chloride range is about 


0-05 4. Spectra of substances in the solid or crystalline state may differ some 
what in the shape and position of the absorption bands, because of the nature of 
the force field acting on the molecules. These shifts are particularly noticeable 
in silanols. where molecular association plays a large part in determining the nature 


ot some ot the absorption bands. 


Vibrations involving aliphatic groups 

Methuls 

In addition to the weakness of their absorption, the CH stretching vibrations 
of methyl groups on silicon may be displaced from their normal position in aliphatic 
compounds. Both the symmetric and antisymmetric vibrations are influenced 
by the presence of adjacent electron-withdrawing groups such as chlorine or 
oxygen (Table 1). The effect of electronegative elements on frequencies in organo 
silicon compounds has been discussed by KRIEGSMANN [5]. There is also a sur 
prisingly large difference between the intensities of the two modes, with the anti 
symmetric vibration absorption being the more intense. The reverse is true with 
the bending modes, where the symmetric deformation at 7-9 is much more 
intense than the antisymmetric deformation absorption at 7-1 a. 

The band most characteristic of methyl on silicon is the symmetric deformation 
at 7-S-8-0 uw. This band is intense, sharp, and not easily misidentified. Its exact 
position depends on the nature of the other substituents on the silicon [1, 6]. If 


4) A. L. Surrx and J. A. McHarp, Anal. Chem $1, 1174 (1959) 

5) H. KrrecsmMann, Z. anorg. u. allgem. Chem. 299, 138 1959) 

6) D. C. Surrn, J. M. Frenen and J. J. O'Netr, Report P-2746 U.S. Naval Research Laboratory, 
Office of Technical Services (1946) 
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Table 1. Frequencies of CH stretching bands for organosilicon compounds in CCl], solution 


Group Compound 


Methyl (Me, SiO), 


(Me, SiO), 
(Me,Si0), 
MesiCl, 
Me, SiCl, 
Me, HSiCl 
Me, 
Me,Si 
Organics * 
(Et, SiO), 
(Et,SiO), 
EtsiCl, 
Et,SiCl, 
Et HsiCl 
Propy! n-PrsiCl, 
n-PrHsiCl, 
Butyl n-BusiCl, 
Decy! n-DecylSiCl, 


Organics* 


Assignment 
PhsSiCl, 
Ph,SiCl, 
Ph,SiCl 
Ph,Si 
Ph,SiH, 
PhCcl 


Pheny! 


Phenyl, methy! 


Ph ,Me,Si 
PhMesSiH, 
PhMesSiHC! 


» 


2878 
2878 
2887 
2881 
2876 
2ST6 
2871 
2870 
CH, (s) 
3012 
3008 
3008 
3004 
3004 


2875 
2871 


2873 


767; 2858; 


Absorpt 1on frequencies 


2903 
2903 
2903 
2913 
29008 
2903 


2900 


2872 
29015 
2014 
2902; 2922 
2917 
2014 
2903 (W) 
2899 (W) 


2872 
CH,(s) 
3025 
3020 
3016 
3014 


Me 


2912 2936 
29913 2927 
2897 2933 


* See Ref 116 W 


weak; a 


three methyl groups are present on the same silicon, vibrational 


antisvimmetric; 


(2932-5) 


2940 
2940 
2946 
2041 
2940 
2936 
2932 
2936 
2929 
2926 
CH,(a) 
3039 
3034 
3033 
30350 


3029 


2059 
2967 


29068 


8 Symmetric; 


2964 
2966 
2962 
29075 
2963 
2967 
2068 
2958; 2973 
24062 
2960 
2059 
2978 
2968 
2963 
2970 
2964 
2964 
2059 
2962 
CH,(a) 
3061 
3060 


3058 3076 
3056 3073 
3054 3071 

3071 


3021 3053 3070 
BOST 3069 
3023 3055) 3075 


interactions 


usually split this band into two components of unequal intensity. 


The 8 « band is always accompanied by one or more equally intense bands in 
the 11-8-13-1 « region, which arise from methyl rocking and Si—C stretch vibra- 


tions |2, 7}. 


This region also gives useful clues about the structure of the molecule. 
A single methyl group on silicon absorbs at 13-1 y, two methyls at 11-7 andl2-5 yw 


and three methyls at 11-9 and 13-1 w [1, 3, 6}. Tetramethy! silane has an intense 


band at 11-6 w arising from a degenerate methy! rocking vibration [7-9]. 


If an 


alkyl group as well as n methyl groups are attached to a silicon, the spectral pattern 


in the 11 to 13 4 range usually resembles that obtained from ” 


A. L. Surru, J. Chem. Phys. 21, 1997 (1953). 
I. Simon and H. O. McManon, J. Chem. Phys. 20, 905 (1952). 
C. W. Younc, J. 8. Korver and D. 8. Me Kryney. J. Am. Chem. Soc. 69, 1410 (1947). 


sv 


1 methyl groups. 


, 
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= 
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In ethyl substituted silicon compounds, both the CH, and the CH, modes are 
influenced by the silicon (Table 1). An exact interpretation of the band envelope 
is difficult because a CaF, prism does not resolve it fully, and overtone and com- 
bination bands may confuse the pattern. The assignment given in Table 1 should 
therefore be considered tentative. 

An ethyl group on silicon is characterized by a band of medium intensity at 
8 to 8-2 « [2, 10), arising from a symmetrical CH, deformation. A pair of bands 
found at 9-8—-9-9 and 10-3—10-6 y« further serve to identify the ethyl-silicon grouping. 
A strong absorption arising from the SiC stretching mode occurs in the 12-15 yu 
region. Fig. | shows the spectrum of ethyl trichlorosilane. 


Othe alkyl groups 


One might expect that with longer chain alkyl substituents, the silicon would 
have progressively less influence on the hydrogen motions, and this is indeed the 
case. It is somewhat surprising, however, that the CH stretch bands, even in butyl 
trichlorosilane, are considerably displaced from their normal positions in organics 
(Table 1). As one proceeds through propyl, butyl, amyl and higher alkyl sub- 
stituents. the 3-4. 6-8 and 7-2 a bands increase in intensity [10-12]. The lower 
members of the series show characteristic absorption patterns which are remark- 
ably constant in going from one m« lecule to another and which are useful for 
identification (Figs. 1-4). The SiCH,-deformation absorption becomes progress- 
ively weaker, appearing at 8-2-8°35 in propyl-Si, 8-35-8-4 in butyl-Si, and at 
about 8-4—8-5 in longer chain alkyl substituents [10, 11} 

The straight chain alkyl compoun ls also show absorption in the 13-15 mu region, 
due at least in part to H, rocking in the methylene chains [15, 14}. Shorter 
linear and branched chain alkyl! silicon compounds have a number of characteristic 
absorptions in the 7-5-13 m range but none of them are very intense. 

Heterocyclic rings which in lude silicon show some characteristic absorptions. 
Lhe spectra ol dialky ley lopentametl \ lene silanes have been discussed by OSHESKY 
and Bentiey [15]. These compounds show characteristic bands at 10-93—11-00 a. 

Vinyl substituted silanes always show a strong CH in-plane bending absorption 
at 7-l-7-2 4 and a C=C stretching frequency at 6-2 4, as well as a distinctive 
doublet at 98-10 and 10-2-10-5 [16-19]. These latter bands arise fromout of-plane 
CH bending vibrations [20]. A weak but distinctive overtone at 5-2 yu is also 
characteristic. 


Allyl groups on silicon, which absorb at 6-10 4 and give several bands in the 


10) S. Kaye and 8. Tawnensacm, J. Org. Chem. 18, 1750 (1953). 

11} M.-C. H ey. H. W. Nepercatt and J. 8. Peake, J. Am. Chem. Soc 76, 4555 (1954). 

H. WeerTer icta Chem. Scar 9, 947 (1955 

13) R. 1 we. L. O. Moore. D. Mrtes and H. Gruman, J. Org. Chem. 21, 1113 (1956) 

14) L. J. Ba y. Inf ed Spectr fComplex Molecules (2nd Ed.) Chap. 20. Methuen, London (1958). 
15| G. D. Oswesxy and F. F. Bentiey, / m. Chem. Soc. 79, 2057 (1957 


73. L686 1056 
17; P. A. Gooowr and Soorr. J. Am. Chem. Sox 74, 4584 (1052) 


Ls NAZASHI hem. Sox 


19) R. G, Seo wnd K. C. Faruscu, J. Am. Chem. Soc. 73, 2599 (1951) 
E. R. A. Tacrsack and M J. Chem. Phys. 24, 147 (1956). 
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Ethyl trichlorosilane. 
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range |17, 19, 21, 22], are easily distinguished from /-methyl vinyl sub- 
stituents, which have a band at 10-3 uw as well as absorption in the CH stretching 
and bending regions characteristic of a methyl group [21]. Allyl groups also absorb 
in the 12-4-13 w region [19]. Unsaturation farther removed from the silicon gives 
a conventional absorption pattern corresponding to its substitution and symmetry 
[23]. 


Alkoxy groups 

All compounds containing the group ROSi, where R is a saturated aliphatic 
radical, have at least one strong band between 9 and 10 uw which arises from the 
C—O stretching vibration [8, 24, 25]. Although this band is often obscured by the 
intense SiOSi absorption which falls in the same range, other bands appear which 
usually permit identification of the alkoxy group. 

Methoxy compounds have a sharp, distinctive band at 3-55 uw which varies only 
slightly in wavelength with a change in the other substituents on the silicon (see 
Table 2 and Fig. 5). Also characteristic is an absorption at 8-4 uw, attributed to 
SiOCH, rocking |26], which has been used for quantitative estimation of CH,OSi 
27). The C—O stretch falls at 9-1 ~, and an SiO mode falls between 11-8 and 
12-5 uw [26, 28, 29]. The vibrational spectra of methoxy substituted silanes have 
been the subject of many investigations [26, 28-33]. 

Ethoxy substituents show a doubling of the SiOC band at 9-9-3 uw. In addition, 
analytically useful bands occur at 8-5—-8-6 and 10-35-10-65 uw. The spectrum of 
tetraethoxysilane is shown in Fig. 6. Vibrational assignments for ethoxy sub- 
stituted silanes are not at all firm in spite of the large amount of work which has 
been done on molecules containing this group [8, 25, 29, 30, 33-35). 

Longer chain alkoxy silanes show analogous absorptions at 8-5—8-8, 9-1—9-3, 
and 10-1-10-6 uw. Alkoxy groups with branching on the a-carbon, such as ¢PrO 
and ¢BuO, do not absorb between 10 and 11 mw [28, 34-37]. 


Acetoxy groups 


Compounds containing the grouping SiOOCR show, besides the expected C—O 


‘ 


absorption at 5- 
is CH,, characteristic bands appear at 8-2 and 10-6 uw. The SiOC stretch, which 
absorbs strongly at 9-2 m in aliphatic silicon ethers, is probably responsible for 


5-9 uw, bands analogous to those of the alkoxy silanes. Where R 


D. L. Barmey and A. N. Prves, Ind. Eng. Chem. 46, 2363 (1954). 
L. D. Nasiak and H. W. Post, J. Org. Chem. 24, 489 (1959). 
L. J. Betxramy, Infrared Spectra of Complex Molecules (2nd Ed.) Chap. 3. Methuen, London (1958). 
A. P. Krescuxov, Yu. Ya. MrikHAILENKO and G. F. Yaxrmovicn, Zhur. Anal. Khim. 9, 208 (1954). 
R. OKAWARA, Bull Chem. Soc Japan 31, 154 (1058), 
R. Forneris and E. Funct, Z. Elektrochem. 62, 1130 (1958). 
P. Brown and A. L. Smiru, Anal. Chem. 30, 549 (1958). 
H. KrrecsMann and K. Lieut, Z. Elektrochem. 62, 1163 (1958). 
| A. A. V. Srvart, C. L. Lav and H. Breeperve cp, Pec. trav. chim. 74, 747 (1955). 
| A. P. Kresuxov, Yu. Ya. MrkHAILenko and G. F. Yakruovicn, Zhur. Fiz. Khim. 28, 537 (1954). 
K. Ieucnt, J. phys. radium 16, 401 (1955). 
K. Ievent, J. Chem. Phys. 22, 1937 (1954). 
M. Hayasui, Nippon Kagaku Zasshi 79, 436 (1958). 
M. O. Butanty, B. N. Dotcov, T. A. SPERANSKAYA and N. P. K#arironov, Zhur. Fiz. Khim. $1, 
1321 (1957). 
A. N. Lazarev and M. G. Voronkov, Optika i Spektroskopiya 4, 180 (1958). 
A. N. Lazarev, Optika i Spektroskopiya 4, 805 (1958). 
H. BreEEDERVELD and H. [. Waterman, Rec. trav. chim. 78, 871 (1954). 
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the 8-1 « absorption in acetoxy compounds, by analogy with aliphatic acetates [38}. 
Other acetoxy compounds absorb in the region 8-4-8-8 and 10-3-10-8 mw [39]. 


Vibrations involving aromatic structures 
Phenyls 
The phenyl group when attached to silicon usually shows at least three sharp 
bands in the aromatic CH stretching region (Table 1). Further investigation will 
be required to arrive at an exact assignment of these absorptions, but their frequen- 
cies remain quite constant from one compound to another, except where they are 
influenced by strongly electronegative groups attached to the silicon. 


Table 2. Frequencies of CH stretching bands for methoxy silanes in CCI, solution. 


Compound \bsorption frequencies 


MeSiCl, . 2913 2975 
MeSi(OMe)Cl, 2846 2916 (sh) 2948 2979 3054 (sh) 
MeSiiOM« Cl 2842 2018 (sh) 2946 2976 3044 (sh) 


MeSi(OMe); 2837 2916 (sh) 2941 2967 


Assignment (s)OCH, s)CH, (ajOCH, (a)CH, Combination bands 


sh shoulder; a antisymmetric; 8 symmetric 


Bands characteristic of phenyl on silicon include a sharp, narrow band at 6-98, 
a broader band at 8-9, weak absorptions at 9-7 and 10-0, and two or three bands 
at 13-5-14-4 w [2, 3, 11, 14]. All absorptions except the latter are essentially in- 
variant in wavelength regardless of the other substituents on the silicon. The 8-9 ua 
band, however, often splits into two components when two phenyl groups are 
present on the same silicon [2] but reverts to a single band for the Ph,Si group. 
Taken all together, these bands identify the phenyl-silicon linkage. Only the 8-9 a 
band is truly characteristic, however, since compounds containing the groups 
Sn—Ph, Pb—Ph and Ge—Ph show a pattern essentially identical to that of Si-Ph 
except for a shift in this one band [40]. 

Spectra of a number of phenyl-containing silanes and siloxanes have been 
studied by KrregsMann [41], who has tabulated their infrared and Raman bands 
and assigned their skeletal frequencies. A partial frequency assignment of the 
inner vibrations of the phenyl ring has been made by SPriaLTer ef al. |42) By 
analogy with organic aromatic compounds, these authors attribute the 13-5 and 
14-3 « bands to the out-of-plane hydrogen deformation modes. They describe the 
6-25, 6-73, 7-66, 7-97, 8-95 and 10-02 « absorptions as characteristic of CH and 
(==<( vibrations and ring deformations. 

Assignment of the ring vibrations is not easy, because not only are the 
frequencies different from those of analogous organic molecules, but the intensity 


38 ‘ F. BeELLamy, Infrared Spectra of ¢ omy lex Molec ules (2nd Ed ) p. 179. Methuen, London (1958). 
39)| F.C. Laxnene and M. Moore, J. Org. Chem. 23, 288 (1958 


J. G. Novres, M. C. Henry and M. J. Janssen, Chem. Ind. (London) 298 (1959). 
41 KrriecsMANN and K. H. Scnowrka, Z. physik. Chem. (Leipzig) 209, 261 (1958). 


42) L. Spravrer, D. C. Prrest and C. W. Harris, J. Am. Chem. Soc. 77, 6227 (1955). 
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distribution of the bands is also different. It has been shown that the 8-9 u band 
is affected by the electronegativity of the substituent [43], and this band may arise 
from an “X-sensitive’” planer ring vibration which has some Si—C stretch char- 
acter [44]. The three bands found at 6-27, 6-73 and 6-99 ~ must arise from C—C 
ring stretching vibrations [44]. It is interesting that the usual intensity relationship 
of the 6-27 and 6-73 mw bands is reversed in silicon-substituted phenyl compounds, 
with the former band being the stronger. 

In spite of the great similarity of the spectra of compounds containing the 
phenyl-silicon group, specific compounds can often be distinguished by slight 
differences in the 13-15 m~ absorption bands [45]. 

Other aromatics 

A number of substituted aryl trimethyl silanes have been characterized by 
CLARK et al, [46] They point out that the 5-6 mw range, useful in characterizing 
many substituted benzenes [47], is applicable to most aryl silane derivatives. In 
many such compounds the 12—13-5 uw region, often used to distinguish isomers [48], 
is confused by the presence of both the out-of-plane bending modes of aromatic 
hydrogen and the methyl rocking and SiC stretch absorptions. In some cases 
isomers of a given substituent such as Cl will show characteristic absorption 
patterns. The p-biphenylyl group absorbs characteristically at 6-48, 7-40, 9-91 and 
12-00 uw [42]. Spectra have also been published for disilyl xylenes [49], and an 
infrared method for determining phenyl and p-tolyl groups in silanes has been 
described [50]. The spectra of several naphthyl silanes have also been discussed 
(51, 52). 

Vibrations involving single atoms 
SiH 

The SiH group is usually easy to identify, since its stretching absorption is 
quite intense and falls in the 4-4-4-8 « range where there is very little interference 
from other bands. Its position depends on the inductive power of the other sub- 
stituents on the silicon, and in many cases can be predicted exactly [53]. The 
bending modes of a single hydrogen on silicon fall between 10-9 and 13-1 uw [54]. 
The SiH, scissors mode has been assigned to the range 10-2—10-8, the SiH, wagging 
between 10-5 and 11-8, the SiH, twist between 13-5 and 16-0, and the SiH, rock 
between 19 and 24 yu [55], although in most cases these limits are somewhat 
narrower [56, 57]. The SiH, group absorbs strongly at about 10-8 w. Both the 
(43) R. D. Kross and V. A. Fasser, J. Am. Chem. Soc. 77, 5858 (1955). 

(44!) D. H. Wut FEN, J. Chem. Sou 1350 (1956). 
[45) E. W. Beck, W. H. Davuprt, H. J. Fvercuer, M. J. Hunter and A. J. Barry, J. Am. Chem. Soc. 

81, 1256 (1959). 

46) H. A. Ciark, A. F. Gorpor, C. W. Youne and M. J. Hunter, J. Am. Chem. Soc. 73, 3798 (1951). 
[47] C. W. Youne, R. B. DuVaut and N. Wrieut, Anal. Chem. 23, 709 (1951). 

[48] N. B. Couruvup, J. Opt. Soc. Am. 40, 397 (1950). 

G. R. Wirson, G. M. Hurzet and A. G. J. Org. Chem. 24, 381 (1959). 

(50) M. Marcosues and V. A. Fasser, Anal. Chem. 27, 351 (1955). 

J. W. Grixey and L. J. Tyter, J. Am. Chem. Soc. 73, 4982 (1951). 

[52} R. West and E. G. Rocnow, J. Org. Chem. 18, 303 (1953). 

(53) A. L. Smrrn and N. C. ANGELorti, Spectrochim. Acta. 15, 412 (1959). 

(54) L. Kaptan, J. Am. Chem. Soc. 76, 5880 (1954). 

[55| E. A. V. Essworrn, M. Onyszcnvux and N. Sueprarp, J. Chem. Soc. 1453 (1958). 


(56) R. Knisecey, A. V. Fasser and E. Conran, Spectrochim. Acta, 15, 651 (1959). 
H. Krreosmann, Z. Elektrochem. 62, 1033 (1958). 
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symmetric and antisymmetric SiH, deformation vibrations absorb in the 10-5-11 
region. whereas the SiH , rocking mode absorbs between 15 and 17 w/4l. 56, 58-60} 
Again the wavel neths of these absorption bands depend on the nature of the 
other silicon substituents [12, 52, 55 Because of interferences, the longer wave 
leneth SiH bands are not as useful for characterization as the stretching frequency, 
though the 10-11 « region ts often useful. The only interferences from organo 
silicon compounds in this region are from SiOH. SiF, SiNSi and SiOM, where M 


is a metal 


halogen 

As expects d. the Si halogen stret« hing frequencies fall in the same order as the 
atomic masses of the halogens Because of inductive effects. howevel the shifts 
in treque ney upon gome from one member to another are larget than would be 
predicted by a simple Hooke s law calculation The stretching vibrations of the 
SiF group fall in the 10-12 ” region 5S. S57, G05 For SiF, and SiF., as Is 
usually the case when two or more identical single atoms are attached to silicon 
the asvmmetric stretching mode falls at a higher frequency and is more intense 
than the svmmetric mode 

SiCl bonds absorb strongly hetween 16 and 24 ua |7, 66} An early report [3] 
misidentified an SiH bending mode at 12-5 w# mm HSiCL, as being due to Sif |, and 
this error has been repeated in many latet publications The fact is that the wave 
length extremes of the SiC] stretching vibrations are represented by Sit |, with 
hands at 621 and 424 cm~! (16°3 « and 25°6 uw the latter band is infrared inactive) 
Fig. 7 shows some typical SiC freq! encies substituted chlorosilanes. Highly 
electronegative groups or atoms such as fluorine on the same silicon could, however, 
displace the Sit | stretch to shorter wavelengths 

Infrared studies of methyl chlorosilanes [7, 67-69] and other substituted 
chlorosilanes {26, 70, 71] show that the wavelength of the SiC] bands varies in a 
regular manner. These absorptions are useful for quantitative |71, 72] as well as 
qualitative analysis 

SiBr and Sil fundamentals may fall beyond the range of the KBr prism, but 


can usually he detected with CsBr optics 55. 57. 58, 60, 73-75]. 
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69) M.C.17 1 Am. Chem. Soc. 75, 1788 (1953 
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71 M. and P. J. LAUNE! Sym posium on pectrosco} y. Chicago 1059 
72) P. Bre i A. L. Surrn, Ap Chem. 30, 1016 (195s 
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The tendency of the halosilanes to react w ith traces of moisture and form silox 
anes must not be overlooked when working with these materials | 4}. 


Other vibrations 


Silorvanes (Sif Si ) 


Almost all siloxane compounds show at least one strong band between 9 and 
10 « arising from an asy mmetrie SiOSi stretch vibration |1, 76], and corresponding 
to the COC stretching absorption in aliphatic ethers. In simple disiloxanes, the 


~ 
~ 


“RAMAN 


400°, SC, x%sicl 


Fig 7. Sa Cl frequencies in substituted ( hlorosilanes 


wosition of this band varies from 8-9 to 9-8 a, de vending on the mass and inductive 
| 


effect of the substituents on the silicon. With progressively longer chain compounds 
(trisiloxanes. tetrasiloxanes, etc.), the absorption splits into two or more over 
lapping components, until with an essentially infinite siloxane chain, the absorption 
occupies almost the entire interval between 9 and 10 « with points of maximum 
absorption at 9-2 and 98 3). 

Cyclic polysiloxanes also absorb in this region, with a characteristic cyclotrisil- 
oxane band at 9-8 w{1, 2]. Cyclic tetramers and pentamers have a single band at 
about 9-2 « which gradually widens and splits with larger rings | 2]. The positions 
of these bands are essentially independent of the other silicon substituents. The 
shift of the siloxane band to longer wavelengths in the case of the trimer is due to 
ring strain, and the siloxane absorption may move to as far as 11 w in highly 
strained ring systems. Such extreme shifts are rare, however, and compounds 
showing them are unstable. The cyclotrisiloxane ring is planar [77], but the cyclo 
tetrasiloxane ring has a non-planar (and probably unstrained) structure 


78]. 
'76) R. C. Lorp, D. W. Ropryson and W. C. Scuums, J. Am. Chem. Soc. 78, 1327 (1956) 
771 H. Krirecsmann, Z. anorg. u. allgem. ¢ hem. 298, 223 (1959 


[78] H. KrRieGsMANN, Z. anorg. u. allgem. Chem 298, 232 (1959) 
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The siloxane band is occasionally shifted to shorter wavelengths by the in- 
ductive effect of other substituents. Thus, in Cl,SiOSiCI,, the siloxane absorption 
occurs at 8-9 4. Silsesquioxane (RSiO,,,) structures usually exhibit their siloxane 
bands at about 9-0 « [79]. The symmetric SiOSi stretching vibration lies at much 
longer wavelengths. In the case of Me,SiOSiMe,, it falls at about 520 em [70]; 
for disiloxane, at about 600 cm~! [76,80]. Symmetrical vibrations such as this 
usually show a large intensity in the Raman effect, and may be missing or only 


weakly active in the infrared. 


SiOH 

Silanols exhibit the usual OH stretching bands between 2-7 and 3 yw as found 
in organic alcohols, corresponding to monomers and hydrogen bonded polymers. 
Although these bands are not unique, the broad, asymmetric SiO stretching 
absorption at 11 and 12 ” which is also present in the spectra of silanols serves 
to characterize the SiOH group. 

Several investigators have studied hydrogen bonding in silanols. Kakupo et 
al. {81, 82] have concluded that in crystalline silanols, two OH groups interact in 
such a way as to form a four-membered ring. Studies of association in solutions 
[83-86] and in silicon resins [87] have been carried out and assignment of the 
stretching and bending vibrations discussed [65, 85, 88, 89]. There have also been 
a number of studies on the interaction of SiOH groups on silica with water vapor 
(00, 91] and other molecules [92, 93], and their behaviour on thermal dehydration 
[94, 95]. 

Si(CH,), Si 
Vibrations involving the disilyl-methylene linkage also give rise to a strong 


absorption in the 9-10 uw range, but this band is rather narrow and thus can usually 
be distinguished from siloxane absorption. This band has been attributed to the 


CH, twisting frequency [70], but assignment to the CH, wag may be more reason- 
able. The wavelength of this band is affected by mass and inductive effects of the 
other silicon substituents but to a lesser degree than is the siloxane absorption. 
A weak but distinctive band appears at 7-4 «4 which is characteristic of SiCH,Si. 
The asymmetric SiCSi stretch falls at 13-0 uw (70). 


A. J. Barry, W. H. Davupt, J. J. Domicone and J. W. Girxey, J. Am. Chem. Soc. 77, 4248 (1955). 
D. C. McKean, Spectrochim. Acta 13, 38 (1958). 
M. Kaxupo, P. Kasat and T. Watase, J. Chem. Phys. 21, 167 (1953). 
M. Kaxvupo, P. N. Kasat and T. Watase, J. Chem. Phys. 21, 1894 (1953). 
K. Damw™ and W. Nott, Kolloid-Z. 158, 97 (1958). 
V. 1. Kasrocukrny, M. F. O. I. Zi’ BeERBRAN and D. A. Kocuxr, Izvest. Akad. Nauk 
S.S.S.R., Ser. Fiz. 18, 726 (1954); Columbia Technical Translations p. 407. 
H. KriecsmMann, Z. anorg. u. allgem. Chem. 299, 78 (1959). 
Ya. I. Rysxrs and M. G. Voronxov, Zhur. Fiz. Khim. 30, 2275 (1956). 
W. Nout, K. Daw™ and W. Krauss, Fette u. Seifen 65, 17 (1959). 
S. W. Kantor, J. Am. Chem. Soc. 75, 2712 (1953). 
Ya. I. Tysxiy, Optika i Spektroskopiya 4, 532 (1958). 
H. A. Benes and A. C. Jones, J. Phys. Chem. 68, 179 (1959). 
G. J. Youne, J. Colloid Sci. 18, 67 (1958). 
M. Forman and D. J. C. Yates, J. Phys. Chem. 68, 183 (1959). 
R. 8. McDona.p, J. Am. Chem. Soc. 79, 850 (1957). 
V. I. Lyery, Vestnik Mosk. Univ., Ser. Mat. Mekh. Astron. Fiz. Khim. 18, 223 (1958). 
5] R. 8S. McDonap, J. Phys. Chem. 62, 1168 (1958). 
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Infrared spectra—structure correlations for organosilicon compounds 


Disilylethylene groups conveniently show two bands in the 8-10 uw region 
which are quite characteristic if not hidden by other absorptions. 

Disilyl propylene and longer chain bridges give absorption patterns in the 
8-10 uw interval which are somewhat reminiscent of propyl-silicon, butyl-silicon, 
etc., groups. This observation is in accord with expectations, since at least some 
of the characteristic absorptions in this region arise from motions of hydrogens 
on the carbon adjacent to the silicon. 


Si-nitrogen compounds 

Primary silyl amines show two hydrogen stretching frequencies between 2-8 
and 2-95 uw, as well as a strong NH, deformation falling at 6-5 4. The SiNHSi 
linkage is characterized by a group of bands including the NH stretch at 2-95 y, 
an NH bending at 8-5 w, and the asymmetric SiNSi stretch at 10-7 uw [70, 96}. 
Cyclic silazanes show behaviour analogous to the cyclic siloxanes, with the SiNSi 
vibrations absorbing at 10-85 uw in hexamethyl cyclotrisilazane [77] and 10-65 yw in 
the octamethyl cyclotetrasilazane. There is also a shift of the NH deformation 
from 8-7 « in the trimer to 8-5 uw in the tetramer. 

Trisilyl amine has a planar structure with the asymmetric SiN stretch falling 
about 10 ~ [97-99]. In di(trimethylsilyl) methyl amine, however, the SiN stretch 
is found at 11 {70}. 

Because of their hydrolytic instability, silazane compounds are seldom 
encountered commercially. 

Si-sulfur compounds 

Infrared data on silicon—sulfur compounds is rather meager. The SiSH stretch 
in Me,SiSH falls at 3-9 « [65], but there are apparently no characteristic SiS bands 
in the NaCl prism range. In Me,SiSSiMe,, the SiS stretch vibrations are found at 
20 [70], in H,SiSSiH, at 19-5 [100-102], and in Me,SiSH at 22 [64]. Disilyl 
selenide has also been studied [100, 101}. 


Miscellaneous 

Several metal derivatives of trimethyl silanol, triethyl silanol and diphenyl 
silanediol were prepared by TaTLock and Rocunow [103]. Their published curves 
show that SiONa, SiOK and SiOSn absorb strongly between 10 and 11 uw. SiOHg 
shows a strong band at about 11 uw. The SiOTi vibration is found at 10-9 uw [104, 
105). 

Work on silicon—phosphorus compounds shows a broad SiOP absorption to be 
at 9-6 « [106], and the Si—P band at 22 y» [107]. 


[96] C. C. Ceraro, J. L. Laver and H. C. Beacnwety, J. Chem. Phys. 22, 1 (1954). 
[97] E. A. V. Esswortn, J. R. Hart, M. J. D. C. McKean, N. and L. A. 
WooDWARD, Spectrochim Acta 13, 202 (1958). 

[98] H. KrrecsmMann and W. Forster, Z. anorg. u. allgem. Chem. 298, 212 (1959). 

{99} D. W. Rosrson, J. Am. Chem. Soc. 80, 5924 (1958). 
[100) E. A. V. Essworrn, R. Taytor and L. A. Woopwarp, Trans. Faraday Soc. 55, 211 (1959). 
[101] H. J. Emevtus, A. G. MacDrarmip and A. G. Mappock, J. Inorg. & Nuclear Chem. 1, 194 (1955). 
{102} H. R. Luyron and E. R. Nrxon, J. Chem. Phys. 29, 921 (1958). 
[103)} W. 8. Tatiock and E. G. Rocnow, J. Org. Chem. 17, 1555 (1952). 
[104] V. A. Zerrter and C. A. Brown, J. Phys. Chem. 61, 1174 (1957). 

[105] V. A. Zerrter and C. A. Brown, J. Am. Chem. Soc. 79, 4618 (1957) 
[106] W. H. Keeper and H. W. Post, J. Org. Chem. 21, 509 (1956). 
[107] H. R. Luvron and E. R. Nrxon, Spectrochim. Acta 15, 146 (1959). 
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Although the preparation and infrared spectra of silicon—isocyanide compounds 
have been reported [55, 108, 109], isotopic studies [110, 111] as well as chemical 
evidence { 112] indicate that only the normal cyanide is formed. The CN stretching 


SiCHCl, 


SiVi 
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Fig. 8. Infrared spectra—structure correlations for organosilicon compounds 


vibration falls between 4:5 and 4-6 aw, which is at slightly longer wavelengths than 
in the corresponding organic compounds. Cyanosilanes hydrolyze readily in moist 
air to form hydrogen cyanide. 


108! J. J. McBripe, Jr and H. C. Beacnecyi, J. Am Chem. Soc 74, 5247 (1952). 
109) M. Proper, J. Am. Chem. Soc. 78, 2274 (1956) 

110) H. R. Loexton and E. R. Nexon, Spectrochim. Acta 10, 299 (1958) 

111) H. R. Leyton and E. R. Nrxon, J. Chem. Phys. 28, 990 (1958) 

112) Dow Corning Corporation. | npublished data 
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Infrared spectra—structure correlations for organosilicon compounds 


Several silyl isothiocyanates have been prepared and their spectra recorded 
[113, 114). 

The Si—Si vibration, which is usually inactive in the infrared, falls at about 
400 cm~! in the Raman spectrum of hexamethy! disilane [115]. 


Correlation chart 

A chart which summarizes the correlations discussed is shown in Fig. 8. Wave- 
length assignments shown were determined from solution spectra recorded in our 
laboratory, and except where indicated as tentative, were based on at least five 
different compounds containing the group in question. In most cases from ten to 
seventy compounds were available for each group studied. Bands which are of 
limited value for characterization (such as the 3-4 « absorptions) have been omitted 
from the chart. 

It should be emphasized that because of band overlap, unambiguous structure 
determinations cannot usually be made from such a chart. The wavelength ranges 
given represent the most probable range for the absorption of the group being 
considered, but as pointed out previously, in unusual cases bands may be shifted 
out of these limits. The wavelengths of absorption bands for substances in the 
vapor or solid state often differ appreciably from those of the material in solution, 
and considerable discretion must be used in applying the chart to spectra of 
materials other than in solution. 

The chart is designed to be used mainly as an aid to the spectroscopist in inter- 
preting the spectra of new compounds, and in assigning vibrational frequencies 
to specific structural units of the molecule. 

J. Gouseav and J. Reyne, Z. anorg. u. allgem. Chem. 294, 96 (1958). 
A. G. MacDiarmip and A. G. Mappock, J. Inorg. & Nuclear Chem. 1, 411 (1955). 
. Murata and K. Suimizv, J. Chem. Phys. 23, 1968 (1955) 


.N. Jones and C. Sanporry, Chemical Applications of Spectroscopy (Edited by W. West) Chap. 
Interscience, New York (1956). 
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Spectre infrarouge et attribution des vibrations des toluénes 
C,H,CH;, C,H,CD, et C,D,CD, 


N. Fuson, C. et M. L. Josten 
Centre de Physicochimie structurale, Faculté des Sciences, Bordeaux, France 


(Received 17 August 1959) 


Abstract—A comparative study of the gas and liquid infra-red spectra of C,H,CH,, CgH,CD, 
and C,D.CD,, and the liquid Raman spectra of the two former, leads to a vibrational assign- 
ment for these molecules consistent with relative band intensities, vapor band contours, 
polarization data and the Redlich—Teller isotope product rule. The differences between these 
assignments and those given by Wi_msxurst and Bernstern, and by Kovner and PeErEcupov 


are discussed. The removal of the degeneracy of the methy! group stretching vibrations leads 


to the conclusion that there is no free rotation of the methyl group. 


Des difficultés rencontrées dans l'interprétation du spectre infrarouge de com- 
I 
poses aromatiques polynucléaires méthylés [1] nous ont conduits a étudier le 
toluene-z-D, (C,H,CD,), le plus simple des composés aromatiques contenant un 
3 6 5 3 | | 
groupement “méthyle lourd” directement attaché au noyau benzénique. Le 


toluéne-x-D, étant introuvable au moment ot nous avons entrepris cette étude, 
il a été nécessaire d’en faire la synthése.* Depuis, Renavp et Lerron [4] ont 
préparé; son spectre de vibration et l’analyse qui en a été faite ont été publiés par 
WILMSHURST et BERNSTEIN [5]. 

A titre de comparaison, nous avons également enregistré les spectres du 
toluene (C,H,CH,)+ et du toluéne-D, (C,D,CD,).2 Le premier est bien connu 
5-11], le deuxiéme n’a été publié que trés récemment [12]. 


Aprés avoir décrit nos résultats expérimentaux, nous les comparerons a ceux 


des auteurs antérieurs. Nous proposerons ensuite un ensemble d’attributions que 
nous discuterons particuliérement par rapport a ceux de Wi~MsuuRst et BERN- 
STEIN [5]. 


* Il a été préparé en faisant réagir le phényl-lithium sur le bromoforme lourd BrCD, a l'auto- 
clave [2, 3}. 

* Ce produit, vérifié exempt de thiophéne, nous a été donné par J. VALADE, 

+ Cet echantillon, préparé par HucLevx, nous a été donné par L. Picnat. 


Renavp et L. C. Lerren, Can. J. Chem. 34, 98 (1956). 

[5) J. K. Witmsuvurst et H. J. Bernstery, Can. J. Chem 35, 911 (1957). 

S. Mizusuima, T. Sarmanovent, I. Icnisuma, M. Tsvpot, I. NAKAGAWA, M. Havasu, A. Yama- 

event, K. Fuxusnima, H. Kamryama, 8. Tsucutya, 8. Takepa, J. Servo, I. Suzux: et H. TAKa- 
HASHI, Report on Perkin-Elmer Grating Spectro- Photometer, Model 112 G. Nankodo, Tokyo (1957). 

7) K. 8S. Prrzer et D. W. Scorrt. J Am. Chem. Soc. 65, 803 (1943). 

8) K. W. F. Kourravsen et H. Wirrex, Monatsh. Chem 74, 1 (1941). 

[9] American Petroleum Institute Research Project 44. National Bureau of Standards, Washington, D.C. 
[10) J. Turkevicu, H. A. McKenzie, L. FrrepmMan et R. Spurr. J. Am. Chem. Soc. 71, 4045 (1949). 
[11) R. R. Ranpwe et D. H. Warren, Molecular Spectroscopy p. 111. Institute of Petroleum, London 

(1955). 
M. A. Kovwer et G. V. Perecupov, Optika i Spectroskopiya 5, 134 (1958). 
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Spectre infrarouge et attribution des vibrations des toluénes C,H,CH,, C,H,CD, et C,D,CD, 


Résultats expérimentaux 

La position et l‘intensité des bandes des spectres Raman et infrarouges du 
toluéne et du toluéne-z-D, sont indiquées dans le Tableau 1. Le Tableau 2 donne 
ces mémes renseignements pour le spectre infrarouge du toluéne-D,. 

La Fig. 1 représente le spectre infrarouge du toluéne-x-D, gazeux et liquide. 
Le spectre de ce composé en solution étant presque identique & la Fig. 1, nous ne 
avons pas représenté. Sur la Fig. 2 est dessinée une partie du spectre du 
toluéne-D, gazeux et liquide. 


Comparaison des résultats expérimentaux avec les résultats antérieurs 
Toluene 

Les spectres du toluéne, que nous avons enregistrés au dessous de 2500 em—, 
sont généralement en accord avec ceux récemment publiés [5, 7, 9,11] a l'exception 
d'un seul [10]. 

Dans la région de 3000 em~!, nos spectres du toluéne liquide et dissous sont 
identiques a ceux précédemment publiés par le laboratoire [1, 13-15] et different 
de celui de Witmsuurst et Bernsters (WB)* a l'état liquide. Ces auteurs 
utilisant cependant une résolution spectrale analogue a la ndétre, ont observé a 
3063, 2921 et 2869 cm~!, des bandes doubles—3061 et 3067 cm~!, 2923 et 2930 
em~!, 2862 et 2873 cm~'—que nous n’avons pu mettre en évidence dans aucun de 


nos spectres [15]. En opposition, le spectre du toluéne en solution dans le tétra- 
chlorure de carbone, obtenu par MizusHIMaA et ses collaborateurs [6] a l'aide d'un 
spectromeétre a réseau d'une résolution cing fois supérieure a la nétre, ne présente 
pas le dédoublement des trois bandes signalé par WB, mais correspond exactement 
au notre. 


Toluene-a-D,* 


Dans les spectres en phase vapeur, la seule différence appréciable entre nos 


résultats et ceux de WB se trouve dans la région 1850-1625 em~—!, oft nous relevons 


un certain nombre de bandes non mentionnées par WB. En phase liquide, les 
principales différences sont indiquées dans le Tableau 3. En outre, on peut noter 


que les positions des bandes fines de la région de 1650 & 1280 em~!, dans notre 


spectre, sont en moyenne plus hautes de 5 cm~' que celles des bandes correspon- 
dantes dans le spectre de WB. De plus, les deux bandes faibles de la région de 


1725 a 1700 cm~' sont plus basses de 6 cm~', dans notre spectre, que dans le leur. 


Le Dr. Lerrcu nous a récemment donné un échantillon de toluéne-x-Ds, 
préparé en réduisant le trichlorométhylbenzéne par le zine et l acide CH,COODt 


* Le sigle ‘‘WB”’ désignera dans ce qui suit l'article de WiLMsuHuRst et BERNSTEIN [5]. 

+ Nous n’avons trouvé aucune trace, dans le spectre du toluéne-x-D,, de la bande la plus intense du 
spectre du toluéne (727 em~-'). Toutefois une bande forte du toluéne-x-D, a proximité (709 em~') 
pourrait rendre moins rigoureuse la vérification spectroscopique de pureté isotopique; l’examen du 
spectre permet cependant d’affirmer que, sil subsiste une trace de C,H ;CH,, elle ne dépasse pas 1 ou 2°,. 

+ L’échantillon de toluéne-x-D, étudié par WB a également été fourni par le Dr. Lerrcn. Celui que 
nous avons recu a été synthétisé ultérieurement (communication privée du Dr. Lerrcu, du 17 Octobre 
1958). 

[13] M. L. Josten et J. M. Lesas, Bull. soc. chim. France 53, 57 (1956). 
[14] J. M. Lepas. Thése, Faculté des Sciences, Bordeaux (1958). 
[15] N. Fuson, M. L. Josten, J. Descuamps, C. GARRIGOU-LAGRANGE et M. T. Foret, Bull. soc. chim. 


France 93 (1959). 
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4460 
4370 
S800 


3440 
S285 


3217 
3145 
S005 
3050 
2987 
2050 


2921 


2OLO 
1O85 
IS75 
1768 
1760 
1750 
1693 
1681 
1666 
1660 
1618 
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(gaz) 


(2278) 
2268 


2260 
2247 
2239 
» 


2216 


(2136) 
2131 
\2126) 
2091 
(2063) 


2051} 


M 


112 


Attribution 


» 
2 % 
Van 
20a Vea 
Ve 
v, + O, 
Yeon Visa 
Vea. 
Vga 
\2 y 
19a 
2 
200 
20a 
i 
2 d. 
2 do, 


4482 


3846 
S845 


3290 
3260 
3252 
3146 
3116 
3095 


2971, 2958 


2915, 2902 


2776 


2750 


2664 


2082 


2098 


(liq.) 
1. A, 
as 
0.6 A, 
A, | 
— 1.5 A 1 
1.0 By 
0.4 A, 
04 A, 
A, 
A, B, 
2.0 B,, Ay 
270 1.0 
2853 1,0 
9758 0,2 A, 
A 
2433 0.5 VOL. 
2387 1.5 16 
2293 10 2300 A, 1QL0 
2276 40 tf B, 
2262 M A, 
M 
2241 10 M B, ‘ 
f 
f 7 
2211 13 M B, 
7 
2121 17 M A, 7 
2082 5.5 M A, 
2051 M A, 
0.5 
0.3 
1. 
1.0 
10 
10 
20 
|_| 


I.R. (liq.) 
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1351 
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1282 
1256 
1200 
1174 
1146 
1117 
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972 
961 
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S80 
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14 1583 F A, 
1578] 

l 1575 F B, 


1558 


11506) 


(1496) J 
1,2 1470 f 
2,2 
2,1 
(1397 
45 1392 F A, 
1385 
9 1378 M B, 
1368 f 
l 1360 f 
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Tableau 3. Compara son des spectres infrarouges du toluéne-a-D, a l'état liquide 


Présent travail 


e* v Intensité 
(em~?) (1. mole~! em-!) (em!) relative 
2985 3,5 (1,7) ~2979 MF 
2940 2,4 (1,7) 2938 MF 
2918 2,0 (1,5) 
2900 1,6 (1,3) 
2854 1, (0,8) 
PR30 (0,4) 
2677 
2431 f 
2360 
2320 Of 
2314 1,2 
2035 0.7 (0.5) 
2003 (0.3) 
1778 
17682 3,5 1766 M 
1678 (0.5) 
1630+ 1.6 (1,0) 
1502+ 25 (12,0) 
1422 2,4 (2,0) 1416 M 
13742 1,7 
1334 0,7 (0,5) 
1319 (0.4) 
~1293 M 
1289 MF 
1261 1260 MF 
1003 2,9 1003 
~934+ M 
~919 4 (1,5) 
~S872 1,2 (0,2) 
809 M 
792 lf (0.5)? 797 M 
733 s (1,0) 


et BERNSTEIN [5] 


é 
(1. mole 


+ 


1 om 1) 


0,4 


0, 


* Lorsque les bandes apparaissent comme des épaules de bandes plus fortes, le coefficient d’extinetion 
valeur entre parenthéses qui indique l’intensité approximative résolue 


est accompagné d'une autre 
graphiquement. 


+ Coefficients d’extinction approximative déduits par nous-méme de la Fig. 1 du mémoire de WB. 
+ Absorptions qui différent par leurs intensités, contribuant ainsi au désaccord qui existe 


attributions et celles de WB. 


entre nos 
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[4]. Nous avons enregistré le spectre de cet échantillon a l'état liquide et a l'état 
vapeur. A une petite exception prés,* ce spectre est identique a celui qui est 
reproduit dans la Fig. 1. 


Toluéne-D, 
Le spectre infrarouge du toluéne-D, que nous avons obtenu (Fig. 2, Tableau 2) 
] 
est trés différent de celui utilisé par Kovner et PEREGUDOV [12] en particulier dans 
les régions 2300-2000 em~! et 1500-1400 em~!.+ 


Attribution 

Il est généralement admis que la molécule de toluene a la symétrie C,, et 
posséde treize vibrations de mode A,, symétriques par rapport a l'axe et 
symétriques par rapport au plan; quatre vibrations A,, symétriques par rapport 
a l'axe et antisymétriques par rapport au plan; treize vibrations B,, antisymeé- 
triques par rapport A l'axe et symétriques par rapport au plan et neuf vibrations 
B,, antisymétriques par rapport a l'axe et antisymétriques par rapport au plan, 
toutes actives en Raman et toutes, sauf celles de mode A,, actives en infrarouge. 
Les trente-neuf vibrations normales de cette molécule a4 quinze atomes peuvent 
encore étre classées de la facon suivante: 

(a) Six vibrations internes du groupement méthyle (Fig. 3): trois vibrations 
de valence v,(A,). v,'(B,). »,"(B,) et trois vibrations de déformation 6,(A,), 6,'(B,), 


é,"(B,).t 
f 


(8) 


(8) 


Fig. 3. Vibrations internes du groupement CH, dans le toluéne. La ligne en pomuntillé 
représente la trace du plan du noyau aromatique 


(b) Trois vibrations du groupement méthyle par rapport au noyau benzénique: 
les vibrations de balancement (rocking) dans le plan r,'(B,) et hors du plan, 
r,”( B,) et la vibration de torsion f(A ,). 

(c) Trente vibrations de la molécule C,H,Me, le groupement méthyle étant 
considéré comme une masse ponctuelle. Parmi ces trente vibrations, on peut en 
distinguer dix-huit qui affectent principalement les liaisons C—H et C—Me, les 
douze autres étant des vibrations de valence et de déformation des liaisons C—C 


* La bande 1116 cm! du spectre a l'état liquide est légérement plus intense (¢ 4,2 l/mole em) 
* Cependant, dans ces régions, notre spectre infrarouge du toluéne-D, liquide est en bon accord avec 
le spectre Raman du liquide publié par Kovner et Perecupovy [12 

* Dans les molécules méthylées, ayant la symétrie C,, par rapport a l'axe, il existe des vibrations 
symeétriques, rv, et 6, et des vibrations antisymétriques doublement dégeéenérees, r,, 0 16 Si, dans un 
tel svstéme, la symétrie par rapport a l'axe diminue graduellement, la dégénérescence est progressive 
ment levée, et on peut prévoir[15, 17] qu'un doublet rv,’ et v,” remplace la bande unique rv,, précédemment 
attribuée & une vibration dégénérée, l'écartement du doublet étant caractéristique de la dissymétrie 


16) J. P. Marurev, Spectres de vibration et symétrie des molécules et des cristaux Hermann, Paris (1945) 
17) J. Descuamps, M. T. Foret, N. Fusown et M. L. Josten, Bull. soc. chim. France 88 (1959). 
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La Fig. 4 représente ces vibrations, la notation utilisée étant celle de WILSON [18], 
adaptée aux composés monosubstitués du benzéne [13, 14].* 
Les Tableaux | et 2 indiquent, outre la position et l’intensité des bandes, les 


attributions que nous proposons pour le toluéne, le toluéne-«-D, et le toluéne-D,. 


Fig. 4. Vibrations de la molécule C,H,Me, le groupement méthyle étant considéré 
comme une masse ponctuelle (d’aprés Lesas [14}). 


Les vibrations fondamentales des trois molécules sont indiquées par classe de 
symétrie dans le Tavleau 4; les fréquences des molécules deutériées sont suivies du 
rapport isotopique r)/ry,. Cependant, dans la discussion qui suit, nous envisagerons 
successivement les vibrations du groupement méthyle et du noyau benzénique. 


Vibrations du groupement méthyl 

Dans la région de 2250 & 2000 cm~', les spectres du toluéne-z-D, et du toluéne 
D, sont trés voisins.t Vers 2200 cm~', on distingue a l'état vapeur deux massifs 
d’absorption principaux; a l’état liquide, subsistent seuls deux maxima. Comme 
pour le toluéne [15], nous avons attribué la bande de fréquence supérieure a la 
vibration la plus dissymétrique, v,"( B,), Vautre a la vibration v,'(B,). La valeur 1,33 
des rapports isotop ques et de ces 
vibrations, égaux a 1,33, est identique a celle que nous avons calculée pour la 


* Nous avons choisi arbitrairement la vibration y,, comme vibration affectant principalement la 


liaison C— Me. 
+ La forte absorption a4 2300 em 
vibrations du noyau ber zénique deutérié; elle sera discutée plus loin 


E. B. Witsox, Phys. Rev. 45, 706 (1934) 


' présentée seulement par le toluéne-D, est manifestement due aux 
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vibration antisymétrique doublement dégénérée, v, des halogénures de méthyle [19] 
et du cyanure de méthyle |20). 

La comparaison de la région 2200-2000 em~! des spectres des toluénes deutério- 
méthylés avec la région 2950-2800 cm~! du toluéne suggére que les bandes situées 
vers 2125 et 2055 cm~, pour les premiers, correspondent respectivement aux bandes 
& 2991 cm! et A 2869 cm-' du dernier. Les rapports isotopiques des fréquences, 
respectivement égaux A 1,37 et 1,39, ont la méme valeur pour r, et 24, dans les 
halogénures de méthyle [17, 19], le cyanure de méthyle |17, 20] et le méthyl- 
chloroforme [20]. Alors que les deux bandes 2921 et 2869 cm~' du toluene, a 
l'état vapeur, ne présentent pas de structure fine dans nos spectres,* les bandes 
2125 et 2055 em-! des composés deutériométhylés ont une structure PQR nette, 
caractéristique des vibrations fondamentales A, ou des secondes harmoniques de 
tous les modes. Ce fait exclut la possibilité d’attribuer ces bandes 4 une des 
vibrations de valence du groupement méthyle antisymétrique par rapport a l'axe, 
1 


mais conduit a faire correspondre les bandes 2125 cm! et 2055 em~'! avec les 


vibrations v,(A,) et 20,(4,); ce qui confirme lattribution faite pour les bandes 


2921 em~'! et 2869 cm~! dans le cas du toluéne [5, 15, 21). 

Dans les spectres des deux composés deutério-méthyleés, la bande située vers 
2080 em-!, seule autre bande importante dans cette région, est attribuée a la 
seconde harmonique 20,(A,). Cette attribution est en accord du point de vue des 
intensités avec celle faite pour le toluéne: pour ce composé, une bande analogue 
a 2734 cm~'! a été assignée a 26, [1, 5, 15, 21). 

Alors que les vibrations v,' et »," se manifestent par des bandes nettement 
résolues et ayant & peu prés la méme intensité dans le spectre des trois molécules, 
les vibrations de déformation correspondantes ne se distinguent pas. La bande 
large. située A 1460 em~' dans le cas du toluéne, est attribuée a la fois a 0,’ et 0,", 
et la bande fine A 1379 em~! a 4,[15]. La valeur 1,38 + 0,01 du rapport isotopique 
des fréquences 6, est commune a de nombreux types de composés méthylés a 
symétrie axiale [19, 20]. L'attribution de la bande large, située vers 1050 em~! 
dans le spectre des deux toluénes deutério-méthylés, aux \ ibrations 4,’ et 6," est 
faite en supposant ce rapport constant. Par contre, le rapport isotopique des 
fréquences 6, varie, pour les composés méthylés, de 1,21 &1,31[19, 20]. La bande 
A 1041 em~! du toluéne-D, donne un rapport voisin de la limite isotopique supé 
rieure. Admettant pour la vibration 0, des deux deutério-toluénes le méme rapport 
isotopique, nous avons attribué la bande d’absorption vers 1050 em ' A la vibration 
5. du toluéne-x-D,. La forme de cette bande déja assignée a 6, étant légerement 
dissymétrique, nous avons, par analogie avec le toluene D,. adopté la valeur 
1045 cm~! pour la vibration 4, du toluéne-«-D,. 

Pour confirmer ces attributions des vibrations de déformation, on peut essayer 
de vérifier si, dans les spectres de chacun des trois composés, les secondes har- 
moniques sont explicables de la méme maniére. II est généralement admis [15, 19] 
que la vibration 26, du toluéne est perturbée par résonance de Fermi avec yr, 

* Ces deux bandes ont une structure PQR dans le spectre du toluéne enregistré par WB 4 l'aide 
d'une cellule de 1 métre de long. 


19) A. D. Drexson, I. M. Mrits et B. Crawrorp, Jn.. J. Chem. Phys. 27, 445 (1957). 
20) J. C. Evans et H. J. Bernstrers, Can. J. Chem. 33, 1746 (1955). 
21) K. W. F. Koutrauscn, Monatsh. Chem. 76, 231 (1946). 
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mais que 26, n'est pas affectée, car elle se place plus de 100 cm~! en dessous des 
deux autres. Nos attributions des vibrations 4, et 6, des toluénes deutériométhylés 
font prévoir que les deux secondes harmoniques se situeront au voisinage de la 
fréquence y,; par conséquent, on peut considérer que la résonance de Fermi fait 
varier la position et augmenter lintensité, non seulement de la fréquence de la 
vibration 
position est moins prononcée, de celle de la vibration 26,. 


mais également, bien qu’é un degré moindre, puisque la super- 
. Les spectres ne sont pas 
en opposition avec ces prévisions. 

Nous avons choisi d’attribuer aux vibrations de balancement du groupement 
méthyle, r’(B,) et r°(B,) les bandes 1040 em~! du toluéne [22] et 842 cm~! des 
deutério-méthyl-toluénes. Ceci donne un rapport isotopique égal a 1,24, identique 
au rapport correspondant du cyanure de méthyle [20, 23] et compris entre les 
rapports 1,18 du méthyl-chloroforme [20, 23] et 1,31 des halogénures de méthyle 
[19]. Pour les deux composés C,H,CD, et C,D,CD,, aucun autre choix ne semble 
meilleur. 


Vibrations des groupements benzéniques monosubstitués 


Vibrations de valence CH et CD. Le spectre du toluéne-«-D,, dans la région des 
vibrations de valence C—H aromatiques, est trés semblable a celui du toluéne: 
chacun deux posséde trois bandes nettes entre 3100 et 3010 em~'. Dans le spectre 
du toluéne-x-D,, a | état gazeux, la bande trés forte, située vers 3035 cm~', présente 
une structure en doublet, caractéristique de la symétrie B,, tandis que la bande, 
d'intensité intermédiaire, vers 3070 em~! 
symétrie A,. La plus faible de ces trois bandes & 3098 cm~! ne présente aucune 
‘ayant été affectées aux vibrations 
v,,(B,) et v.(A,) [14], nous avons attribué les trois bandes infrarouges ci-dessus 
respectivement aux vibrations V9,(B,), Ve9,(A,) et v;,(A,). Dans le spectre du tolu- 
éne-D,, la région de 3000 em~! est pratiquement exempte de bandes, les trois 


, a une structure en triplet, suggérant une 


structure. Les raies Raman a 3039 et 3056 cm 


absorptions correspondantes du noyau benzénique deutérié, trés proches l'une de 
l'autre, se manifestant vers 2280 cm~'!; la forme de ces bandes et leur intensité 
relative suggérent qu il existe un renversement dans l’ordre de deux d’entre elles, 
la bande intense de type B, présentant un épaulement de chaque cété. 

Il est intéressant de noter que la bande faible & 2950 em~! du toluéne-D, 
(Tableau 2), résultant de la combinaison 74, + v¢,,, est environ dix fois moins 
intense que les bandes dues aux vibrations de valence des CH aromatiques. La 
remarque précédente est la raison principale pour laquelle nous avons attribué la 
bande a 3087 cm~! des composés & noyau “‘léger” a la vibration y,,(A,), et non 
uniquement a la combinaison 7,4, + ¥,,) [13, 14]. 

Vibrations de déformation CH et CD dans le plan. Dans le cas du toluéne, en ce 


qui concerne les vibrations v,,(A,), 1), %.(A1), nous nous sommes 
conformés aux attributions faites par LeBas [14], et nous avons assigné la bande 
1312 cm~!, moyennement faible, 4 la vibration »,(8,). Pour les deux autres 
composés, les attributions de ces cing vibrations ne présentent pas de difficulté 


[22] R. R. Ranpie et D. H. Wurrren, J. Chem. Soc. 3497 (1955). 
[23] P. Venxatreswarwv, J. Chem. Phys. 19, 293, 298 (1951). 
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particuliére, les rapports isotopiques, dans le cas du toluéne-D,, ayant des valeurs 
voisines de celles que l'on peut prévoir. 

Vibrations de déformation CH et CD hors du plan. Wuirren [24] et Kakruti [25] 
attribuent les bandes 978 et 964 cm~! du toluéne respectivement aux vibrations 
v;(B,) et »,;,(A,). Par analogie, nous avons attribué la bande 980 em~' du toluéne- 
x-D, et la bande 785 cm~' du toluéne-D, a la premiére de ces vibrations. Comme 
nous n’avons trouvé, dans le spectre des deux toluénes deutériés, aucune bande 
d'intensité appréciable qui puisse étre attribuée a la deuxiéme,* nous avons 
adopté, pour le vibration »,,, du toluéne-x-D,, la valeur 966 cm~! de la raie Raman. 

Dans le cas du toluéne, la bande d'intensité moyenne a 893 em~', la bande 
faible & 844 cm~! et la bande trés forte 4 728 cm~' sont attribuées respectivement 
aux trois derniéres vibrations CH de déformation hors du plan: ¥,,,(Bg), ¥9.(A 2) 
et v,,(B,). Dans le spectre du toluéne-x-D,, nous avons attribué a la premiére et 
a la troisiéme de ces vibrations des bandes de forme et d’intensité comparables, 
situées A 927 et 709 cem~'. Quant a la deuxiéme, on peut penser qu'elle intensifie 
la bande A 845 cm“! déja attribuée aux vibrations r’( B,) et r"(B,). Nous suggérons 
d’admettre que |’absorption due a la vibration »,,, du toluéne-D, est située a 
717 em! et que les bandes correspondant aux autres vibrations de ce composé 
sont en dessous du domaine expérimental de ce travail. 

On peut remarquer que la vibration v,,, posséde, dans le toluéne, une fréquence 
inférieure, et, dans le toluéne-x-D,, une valeur supérieure a | intervalle 898-918 cm! 
signalé par RANDLE et WuHIFFEN [11]. Quant a la vibration v,,, utilisée en analyse 
comme caractéristique des dérivés monosubstitués, elle se situe pour le toluéne 
& 728 cm~', limite inférieure de la zone généralement indiquée [14, 26]; dans le 
toluéne-x-D,, elle se trouve 20 cm~! plus bas. 

Dans le toluéne-x-D,, on observe done par rapport au toluéne, une montée de 


la fréquence de la vibration v,,,, et une descente de la vibration v,,. Cet écartement 


peut s expliquer par une résonance de Fermi entre ces deux vibrations et la vibra- 
tion de balancement du groupement CD, qui a la méme symétrie B,; pour le 
toluéne-z-D,, cette vibration r"(B,) se trouve, en effet, entre les vibrations 
Vir et Via 

Vibrations de noyau dans le plan. Le Tableau 4 indique les attributions concernant 


‘gn Ct vy, ainsi que ¥,,, et 4, pour les deux molécules 4 noyau benzénique “‘léger’’. 
Les fréquences des deux premiéres vibrations vers 1600 cm~' ne sont pas trés 
abaissées par la deutération du noyau (toluéne-D,), mais les deux derniéres vers 
1480 cm~! sont déplacées de plus de 100 em~' vers les basses fréquences. 

La position de la vibration »,, a été trés discutée. Dans le benzéne, interdite 
a la fois en Raman et en infrarouge, elle ne peut étre étudiée que par le calcul. 
INGOLD et collaborateurs [27] la situent & 1648 em~', Mar et Hornic [28] a 
1310 em~'. Dans son mémoire sur les dérivés monosubstitués du benzéne, LEBAS 


* Ce fait n'est pas surprenant, puisque les bandes du type A, sont interdites en infrarouge. 


24) D. H. Wuirren, Spectrochim. Acta 7, 253 (1955). 

25) Y. Kaxiuti, J. Chem. Phys 25, 777 (19056) 

26) N. B. Couruve, J. Opt. Soc. Am. 40, 396 (1950); A. R. H. Cote et H. W. Toompson, Trans. Faraday 
Soc 46, 103 (1950 

27) C. R. Bamtey, C. K. Incoup, H. G. Pooie et C. L. Witson, J. Chem. Soc, 222 (1946). 

28) R. D. Marr et D. F. Hornic, J. Chem. Phys. 17, 1236 (1949). 
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[14] constitue vers 1420 cm~'! une suite de bandes correspondant a la vibration », ,. 
Le spectre du toluéne, dans cette région, est compliqué par la présence des absorp 
tions 6’, 6” et 6, du groupement CH,. On remarque que celui du toluéne-«-D, 
ne présente pas de bande a 1400 cm~', mais une absorption & 1502 em~!* trop 
importante pour étre expliquée uniquement par une vibration de combinaison. 
D’autre part, le spectre du toluéne-D, montre sur la bande 1388 cm~! un épaule- 
ment & 1375 em~' pouvant étre rapproché de la bande a 1502 cem~!. Ces remarques 
font penser que la vibration »,, se manifeste peut-étre par ces absorptions, et 


qu'elle se superpose a la vibration »,,, dans le cas du toluéne. 


Quant aux deux vibrations »,(A,) et v,,(A,), qui mettent en jeu les liaisons 
(‘\—Me, elles correspondent aux raies Raman appelées d et ¢ par KoLHRAUSCH 
|29] et aux vibrations r et ¢ de RANDLE et WuirreEN [11]. Elles ont été situées, 
pour le toluéne, a 784 et 1208 em~' [5, 8, 11, 12, 14]. Nous les assignons, pour le 
toluéne-a«-D,, & 758 et 1225 em~! et, pour le toluéne-D,, & 7177 et 1256 em~-!. Si 
lattribution de la vibration v,, est correcte, |'augmentation de la fréquence avec 
la masse conduit a penser que les interactions de vibrations jouent un réle 
important dans la position de cette bande. 

Vibrations de noyau hors du plan. La seule vibration de ce type, attendue dans 
le spectre infrarouge, au dessus de 660 cm~', est la vibration de symétrie trigonale 
v,(B,). Par analogie avec le toluéne, nous lui attribuons, dans le toluéne-x-D,, la 
bande 687 em~!. 


Vibrations de combinaison 


Dans les spectres du toluéne et du toluéne-x-D,, & quelques exceptions prés,§ 
toutes les bandes d’absorption, qui n’ont pas été attribuées a une vibration 
fondamentale, peuvent étre expliquées par au moins une combinaison binaire, 
parfois par cing ou six. Plutét que de proposer au hasard des attributions pour 
toutes les bandes citées dans le Tableau 1, nous nous sommes limités aux combi- 
naisons permettant de rendre compte simultanément des bandes dans les deux 
molécules isotopiques: les vibrations de combinaison, assez actives pour paraitre 
dans le spectre de l'une d’entre elles, le sont vraisemblablement dans l'autre. Dans 
ces conditions, il reste dans le spectre de chacun des deux composés, en dessous de 
3000 cm~!, une vingtaine de bandes non attribuées; certaines pourraient |’étre en 

- 
admettant que des faibles bandes de combinaison sont masquées dans l'un ou 
l'autre des composés par des fondamentales ou méme des combinaisons du groupe 
ment méthyle; c’est le cas par exemple des cing bandes du toluéne entre 2100 et 
2260 

* Non observée par WB. 

+ Done superposée 

+ On peut relever d’autres exemples dans la littérature: (1) les vibrations »(C-—O) et »(O—CH,) de 
lacétate de méthyle [30] & 1243 et 1047 cm~! se déplacent a 1275 et 1092 cm~' par deutération compléte 
[31]; (2) la bande »(C—NH,) des anilines a 1240 cm~! est déplacée & 1300 cm~! dans les anilines ND, 
correspondantes [32]. 

§ Ces exceptions, toutes au-dessus de 3000 cm~', sont des bandes faibles qui peuvent étre expliquées 
facilement par des combinaisons ternaires. 

(29) K. W. F. Kontrauscn, Physik. Z. 37, 58 (1936). 

J. K. J. Mol. Spec. 1, 201 (1957). 

[31] B. Nour et R. N. Jones, Can. J. Chem. 34, 1382 (1956). 
[32] S. Catirano et R. Moccia, Gaz. chim. ital. 87, 805 (1957). 
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A cause du manque de données expérimentales sur les vibrations fondamentales 
du toluéne-D,, situées A basse fréquence, une étude comparée des attributions des 
vibrations de combinaison pour les trois molécules n’a été possible que dans la 
1 


région supérieure & 3000 cm Par exemple, les combinaisons et les harmoniques 
des vibrations du groupement CH, justifient les bandes du spectre du toluéne 
comprises entre 4400 et 4070 em~'!, cette région ne présentant pas de bande dans 


les spectres des deux deutériométhyl toluénes. De la méme maniére, des har- 


moniques des vibrations du groupement CD, rendent compte des bandes entre 
3300 et 3150 em~!, et des vibrations fondamentales du noyau benzénique “‘léger”’ 


ont des combinaisons vers 4600 cm~! et 4050 em~-!. 


Nous avons caleulé, pour le toluéne et le toluéne-x-D,, les combinaisons 


binaires et les secondes harmoniques correspondant aux cing vibrations de défor- 


mation hors du plan des groupements CH aromatiques. Kaktuti [25] a montré 


que, parmi les quinze bandes possibles, cing devaient avoir une intensité nulle ou 


négligeable. Effectivement, pour ces cing combinaisons, ni pour le toluéne, ni 


pour le toluéne-z-D,, nous n’avons trouvé de coincidence entre les fréquences 


calculées et les fréquences expérimentales. Sur les dix autres, neuf bandes d’absorp- 


tion ont été découvertes pour chacune des deux molécules. Des attributions plus 


complétes que celles de Kakruti pour le toluéne ordinaire ont pu étre faites, grace 


a une meilleure résolution spectrale. 


Discussion des attributions de Witmsuurst et BernstEIn 
Les différences entre nos attributions, celles de WiLMsHURST et BERNSTEIN [5] 
et celles de Kovner et Pereaupoy [12] sont indiquées en caractéres gras dans le 


Tableau 4; mais nous ne discuterons pas le travail de ces derniers auteurs, a 


cause de la divergence des résultats expérimentaux. 


Le changement des numéros des trois vibrations—v,,(A,) pour v¥,,(A,), 
y,5(B,) pour vy,(B,), pour r»,(B,)—résultent uniquement d’un choix de 
notation différente. 


Vibrations du groupement méthyl 


La différence des attributions des vibrations vy,’ et yr,” 


a 


a déja été signalée [15]; 
elle découle en partie de la non concordance des résultats expérimentaux. 

Pour les deux molécules C,H,CH, et C,H,CD,, WB ont choisi d’attribuer les 
1. 


nous leur avons fait 
correspondre une bande unique, parce que nous n’avons pas trouvé, dans le spectre 


vibrations 6,’ et 6," & des bandes distantes de 25 cm 


du toluéne-D,, une paire de bandes distantes de 25 cm~! appuyant Vhypothése WB. 


Les attributions, que nous proposons, permettent d’expliquer les bandes suppleé- 


mentaires des régions 2800 cm~! dans le toluéne, et 2000 cm~! dans le toluéne-x-D, 


et le toluéne-D,: celles-ci seraient, comme nous lavons déja mentionné, dues aux 
, o,”. Par contre WB sont, du fait de 
leur attribution, amenés a faire correspondre & Tharmonique lune des bandes 


” 


secondes harmoniques des vibrations 0, 


les plus fortes de la région 2000 cm~! du toluéne-z-D,; mais, dans le toluene, une 
attribution paralléle est impossible, car il n’existe aucune absorption dans le 


spectre vers 2060 em 


= 
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Aux vibrations r’ et r", WB attribuent deux bandes distantes de 40 em~! dans 
le toluéne et de 7 cm~' dans le toluéne-x-D,. Pour le toluéne-x-D,, nous n’avons 
retrouvé que l'une des deux bandes. Faute d’avoir des paires de bandes analogues 
dans les spectres des deux composés deutériés, comme dans le cas des vibrations 
de déformation, nous n’avons pas distingué les vibrations r’ et r"; cette attribution 
(tableau 4) donne pour le rapport isotopique une valeur de 1,23 contre 1,14 de WB. 


Vibrations du groupement benzénique monosubstitué 


Vibrations CH et CD de valence. Pour le toluéne et le toluéne-x-D,, WB ont 
attribué a la vibration v,, une bande infrarouge 4 3030 cm~! et une raie Raman a 
3039 cm~'. En opposition, nous avons distingué la forte bande infrarouge a 
3029 cm~! en lassignant a la vibration v9, [13, 14]. WB situent cette vibration 
Yoq, & 3087 cm~! et la vibration »,, (v,, dans notre notation) 4 3003 em~!. Cette 


derniére absorption étant trés faible, nous préférons, comme nous l’avons déja dit, 


faire correspondre a la vibration v,, la bande 3087 em~'. 

Vibrations CH et CD de déformation dans le plan. WB placent la vibration 
v,(B,) dans la région 1100 cm~', la faisant coincider avec v,, dans le spectre de la 
molécule deutériée; nous avons choisi d’attribuer, aux vibrations v,, les bandes 
voisines de 1305 em~! dans les composés C,H,CH, [14] et C,H,CD,, et la bande 
972 cm~! du toluéne-D,. 


Vibrations CH et CD de déformation hors du plan. Les fréquences voisines de 
970 em~' que nous attribuons aux vibrations »,,,(A,) et v;(B,) du toluéne et du 
toluéne-x-D, différent légérement de celles de WB. De plus nous assignons la 
bande 927 cm~! du toluéne-x-D, a la troisieéme vibration de ce groupe, v,,,(B,) 


(notée v5, par WB). Ces attributions fournissent, pour les deux composés, une 


explication paralléle des bandes de combinaison de la région de 2000 a 1500 em 
Vibrations du noyau dans le plan. Daprés le contour des bandes a état 


gazeux, nous avons modifié les attributions des vibrations v,, et vg, [11, 14, 33]; 
les rapports d’intensités /,,//,, et de fréquences yv,,/y,, ont ainsi des valeurs 


supérieures 1, voisines de celles obtenues pour €t 
WB placent v,,(B,) dans la région de 1100 em~': cette fréquence nous parait 
trop basse pour une vibration de cette forme. 


Loi du produit de TELLER-REDLICH 


WB appliquent la loi de TeELLER—-RepLIcH au toluéne et au toluéne-z-D,. 
Les rapports observés par eux pour les modes A,, Ay, B,, B, different respective- 


ment des rapports calculés de +2° 1%, +10°% et +7°%. Les rapports basés 


1° 
or ‘ or — o- 


sur nos attributions conduisent aux différences +3°,, 


Probléme de la libre rotation du groupement méthyle 


PirzerR et Scorr, en 1943, ont fait les premiers le calcul des fonctions thermo- 


dynamiques classiques et statistiques du toluéne [7]. D’aprés ces auteurs, le 
calcul de l’entropie statistique, fait & partir des données spectroscopiques, conduit 
au chiffre 76,73 cal deg-! mole~! tandis que les mesures calorimétriques donnent 


(33) J. M. Lepas, C. GARRIGOU-LAGRANGE et M. L. Josten, Cahiers Phys. 73, 31 (1956) 
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une entropie classique égale & 76,44 + 0,3 cal deg-' mole"'. A partir de ce 
résultat, ils concluent a une rotation quasi-libre du groupement méthyle. WB ont 
repris le calcul de l’entropie statistique et ont obtenu un chiffre trés voisin de 
celui de Prrzer et Scorr (76,80 cal deg-! mole~'); un nouveau calcul, a partir de 
nos attributions, parait inutile, celles-ci ne faisant intervenir aucun changement de 
fréquence inférieure 4 950 cm~'. Par contre, il semble intéressant de préciser que 
la levée de dégénérescence observée pour les vibrations de valence du groupement 
méthyle suppose |’absence de rotation libre du groupement méthyle, ce groupement 
occupant des positions préférentielles pendant des temps suffisamment longs pour 
que les spectres d’absorption contiennent deux fréquences v,'(B,) et v,"(B,). 

Il serait intéressant de connaitre la position exacte de la vibration de torsion 
(A,), mais cette vibration est interdite en spectroscopie infrarouge et doit étre 


difficile 4 observer en spectroscopie Raman, car elle doit se situer vers 100 em 


Conditions expérimentales 

Les caractéristiques des spectrométres utilisés au cours de cette étude sont 
indiquées dans le Tableau 5. Le trajet optique du spectromeétre a été desséché grace 
& un systéme de circulation d’air en circuit fermé, aprés passage sur “‘tamis 
moléculaire” Linde. L’étalonnage des spectrométres a été fait a l'aide de la 
structure fine de bandes de gaz 


34, 35). L’erreur absolue d’étalonnage ne dépasse 


Tableau 5 


1) 3200-2000 2400-1300 1400-650 


Région spectrale (em 


Spectrométre (modéle No. 112* No. 21+ No. 112* 


Perkin-Elmer) 
Prism LiF CaF, NaCl 
Fente spectrale (3000 em~! 3 

enem'a.. 12100 em 2 


ws 


1400 
1000-700 em-! 3 


Erreur 3000 2 
12100 em l 2 

1400 l 4 
700 l 


en em 


* Double passage, simple faisceau 
+ Simple passage, double faisceau 


pas +3 cm~! dans les régions spectrales étudiées. Les spectres des liquides ont 
été obtenus en utilisant des cellules de 0,01 a 0,18 mm d’épaisseur. Pour les 
spectres des solutions, les solvants sont le tétrachlorure de carbone (Prolabo R.P.), 
dans la région de 4650 & 1300 cm~! et le sulfure de carbone (distillé juste avant 
l'emploi) dans la région de 1400 & 660 em~'; les longueurs de cellules sont com- 
prises entre 0,07 et 1.0mm. Les spectres des vapeurs ont été obtenus dans une 


(34) A. R. Downre, M. C. Macoow, T. Purcetr et B. Crawrorp, Jr., J. Opt. Soc. Am. 43, 941 (1953) 
35!) L. L. Jones, J. Chem. Phys. 24, 1250 (1956); Ibid. 27, 1229 (1957). 
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cellule d’absorption de 10 cm, les pressions partielles des échantillons gazeux étant 
denviron 25 mm de mercure. 

Dans les spectres des liquides purs et des solutions, les intensités sont 
exprimées en faisant intervenir le coefficient d’extinction apparent défini par 
e =(1/el)log( 7/7’), max, la concentration c de l’échantillon étant donnée en moles par 
litre et |'épaisseur de la cellule, /, en centimétres. L’incertitude sur les densités 
optiques est de l’ordre de +5%, l’erreur sur les intensités absolues des bandes 
isolées est de 25%, et peut atteindre 100°, pour les épaulements. Quand les coefficients 
d’extinction d'une bande a |’état liquide, d’une part, et en solution, d’autre part, 
différent légérement, nous indiquons la valeur moyenne. 
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Luminescence and internal conversion in biacetyl solutionst 


L. S. Forster, 8. A. Greenperc, R. J. Lyon and M. E. Smirn 
Department of Chemistry, University of Arizona, Tucson, Arizona 


( Received 27 Auqust 1959) 


Abstract——It is found that solvent viscosity in the 0-2-150c¢cP range is without appreciable 
effect on the radiative and non-radiative electronic transitions in biacetyl solutions. The 


luminescence and photochemical data are rey iewed and it is concluded that nearly all excited 
biacetv! molecules return to the ground state via a triplet state 


INFORMATION concerning the effect of environment on the various radiative and 
non-radiative (internal conversion) electronic transitions is helpful in understanding 
the primary photochemical act in a complex molecule. A typical mechanism for 
the primary act is (Fig. 1): 


(1) A + hy A* (S’ 
(2) A*® A + hy’ (S’ — 8) 
(3) A* =A (S’ --» S) 
(4) = (S’ --» T) 
(5) A** = A + hy’ (T —S8) 
(6) A** =A --» 8S) 
(7) A* (or A**) + M=A+M 
(8) A* (or A**) = dissociation products 


Fig. 1. 


where — symbolizes a radiative and --> a non-radiative transition; S indicates the 
ground singlet state, S’ the first excited singlet state, and 7' the lowest triplet state. 
(2) and (5), the luminescence processes, are usually called fluorescence and phos- 
phorescence, respectively. The internal conversion processes are (3), (4) and (6); 
(7) is a quenching process. 


+ Supported by a grant from the National Science Foundation. Presented in part at the Symposium 
on Molecular Structure and Spectroscopy, The Ohio State University, Columbus, Ohio, 16 June, 1958. 
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* Luminescence and internal conversion in biacetyl solutions 

7 The effect of solvent on 7 --»S has been determined for anthracene solutions 
. by the measurement of the rate of disappearance of the triplet—triplet absorption 
4 spectrum excited by an intense flash of short duration [1-3]. This technique 
7 was required because solvent quenching reduced the phosphorescence intensity 


below the detectable level. The viscosity was varied over a wide range by the 
use of solvents such as hexane, mineral oil, and glycerol. A general increase of 
triplet-state lifetime, 7, with solvent viscosity was observed. This was attributed 


to the inhibition of the internal conversion, T' --> 8. 

; It has been observed that solutions of some anthracene derivatives show a 
marked decrease in the quantum yield of fluorescence with increasing temperature 
4 while solutions of other anthracene derivatives do not exhibit this effect [4]. At 


least part of the temperature dependence has been ascribed to the inhibition of 


S’ --» S by the viscous solvent. 

Biacety] is well suited for the study of solvent effects on electronic transitions. 
It is one of the few molecules that has appreciable phosphorescence as well as 
fluorescence in solvents of low viscosity. It has been studied extensively in the 
vapor state [5] and the solid-state spectra have been analyzed [6]. 


Experimental 

Biacetyl, a Lucidol product, was dried over CaSO,, distilled under reduced 
pressure and stored in the dark and in vacuo at —78°C. The triplet-state lifetime 
agreed well with published values indicating the absence of quenching impurities 
[7]. All hydrocarbon solvents, except the mineral oils, were shaken with eoncentra- 
ted H,SO,, washed, dried and distilled. In some cases these solvents were passed 
through silica gel. Absorption spectra indicated absence of unsaturates. The 
light mineral oil was shaken with several portions of silica gel and the heavy 
mineral oil was used without further purification. Ethyl iodide was dried with 


sodium and used immediately after distillation. 

Solvents were degassed by pumping until the pressure above the solvent was 
less than 1 uw. The biacetyl was transferred into the sample cell by freezing, in 
vacuo, into the solvent cooled to —78°C. The luminescence and lifetime measure- 


ments were made immediately and suitable precautions were taken to avoid air 


leakage and to minimize photochemical decomposition. 

Luminescence was excited by radiation from an AH-4 lamp filtered by an 
interference filter that transmitted the 405 and 408 my Hg lines. The emission 
was focused on the slit of a Hilger glass-prism monochromator. An RCA 931-A 
photomultiplier tube, suitably amplified, was the detector.* Checks were always 
made for the inadvertant admission of stopcock grease by observing the emission 


* Details of the construction of the spectrofluorometer are contained in Ref. [8]. Some of the measure- 
ments were made with a Kin—Tel 212B microvoltmeter instead of the amplifier therein described 
fl] G. Porter and M. W. Wrxpsor, Discussions Faraday Soc. 17, 178 (1954). 

[2] G. Porter and M. R. Wrieut, J. chim. phys. 55, 705 (1958). 

{3} R. Liveyestron and D. Tanner, Trans. Faraday Soc. 54, 765 (1958). 

[4] E. J. Bowen and J. Sanv, J. Phys. Chem. 68, 4 (1959). 

[5| W. A. Noyes, Jr., G. B. Porter and J. E. Jottey, Chem. Revs. 56, 49 (1956). 

[6] J. Stpmawn and D. 8. McCiure, J. Am. Chem. Soc. 77, 6461 (1955). 

[7] W. E. KasKawn and A. B. F. Duncan, J. Chem. Phys. 18, 427 (1950). 

[8] M. E. Smrrn. M.S. thesis, University of Arizona (1957). 
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at 430 mu where grease but not biacety! emits. The sample absorbance at 405 my 
was measured with a Beckman DU spectrophotometer. 

Triplet-state lifetimes were determined by the flash technique described by 
BAcKkstTROM and SANDROS [9]. 

The measurements were made over a period of a year. During this time 
accidental and intentional modifications in the spectrofluorometer occurred. 
Short term lamp fluctuations and aging, and battery deterioration were monitored 
by a fluorescein solution standard. Long term changes were corrected by using 
the fluorescence from an air-saturated heptane solution of biacetyl as a reference. 
The individual fluorescence and phosphorescence measurements are considered 
accurate to 10 per cent, and the lifetime measurements to 5 per cent. We estimate 
the overall error to be less than 20 per cent. 


Effect of viscosity on electronic transitions 


The effect of environment on non-radiative transitions can only be ascertained 
indirectly by the study of the radiative transitions; the luminescence yields are 
dependent on the competitive radiative and non-radiative processes. The analysis 
of the low-temperature spectra of biacety! indicates that at least one additional 
state. 7”. must be included in this discussion [6] (Fig. 1). The absence of a singlet— 
triplet absorption of sufficient intensity, in the vapor phase, to account for the 
observed lifetime of the triplet state (7') is additional evidence for the existence 
of 7’ [10]. Absorption spectral studies have shown the solvent independence 
of S’ «Sand 7" <—S for a group of solvents which includes the saturated hydro- 
carbons [11,12]. This suggests a similar solvent independence for S'’-—>S and 
T 

In spite of the unusual persistence of biacetyl phosphorescence in fluid systems, 
this 7’ —» S emission is easily quenched by traces of O, and solvent impurities [9]. 
The errors that might arise from inadequate O, removal and/or insufficient solvent 
purity can be eliminated by the measurement, in the same solution, of both the 
quantum yield of phosphorescence, @,, and the triplet state lifetime, 7. Using the 
steady-state assumption and neglecting dissociation we find 


k, (A*) lk. k k,(.M)\(A**) 


k, (A**) (A*) 


then 


9) H. L. S. Bicxstrom and K. Sanpros, Acta Chem. Scand 12, 823 (1958). 
10) J. Doourrrie. M.S. thesis, University of Rochester (1949). 

11) L. 8. Forster, J. Am. Chem. Soc. 77, 1417 (1955). 

S. Forster, J. Chem. Phys. 26, 1761 (1957). 
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Similarly, the quantum yield of fluorescence, 


ky 
ks 


ky 


The rate constants /,-k, refer to the processes shown in Fig. 1. The radiative 


‘ 


transition probabilities, 4, and /,, should be unaffected by traces of O, or solvent 


impurities. The lifetime of S’ is much less than 7’. It has been shown that quenching 
y by O, and other quenchers is a diffusional process|9]. The impurity concentration can 
2 be kept low enough to maintain + at 10 per cent or more of its intrinsic value. 
| At this impurity level neither k, nor k, can be appreciably altered. It may be 
z concluded that the determination of Q,, and Q,/7 are sufficient to appraise the effect 
¢ of gross environmental changes on the various transitions. 
a The results of the viscosity variation are given in Table 1. 


Table 1. 


Solvent P) Q,/TT 


Vapor 

isoPentane 0-2 1-1+ 0-9 
Heptane 0-40 1:3 0-7 
Mixed solvent I** 0-41 1-3¢ 0-9 
Mixed solvent I1** 0-54 1-1? 0-7 
2:2:4-Trimethylpentane 0-48 1-2* 0-8 
2:2:5-Trimethylhexane 0-58 1:3 0-7 
cycloHexane 0-79 § 0-7 
Light mineral oil 85 1-4 0-7 
Heavy mineral oil 150 1-1 0-7 


Measured at 475 my | Q, and Q, are relative yields. Direct numerical comparison between the 
Measured at 520 my tabulated values of and Q,/r should not be made. 


+ 


a + These yields were measured after admission of air to quench the phosphorescence. They may be 
: 10-20 per cent too low because of O, quenching. 

§ Stopeock grease present. 

- ** Mixture of light mineral oil and heptane. 


It can be seen that over a wide range of solvent viscosity neither Q,, nor Q,/7 
rary significantly and that the internal conversion processes, S’ --» S and S’ --» 7 
are viscosity independent. These data do not permit the determination of the 
viscosity dependence of 7’ --> S. 


Emission spectra 


The biacetyl vapor emission spectrum is quite similar to the spectrum obtained 
by OkaBE and Noyes [13] except that the ratio of the 512 and 557 mw peaks 
is 2-8 instead of 3-7. This discrepancy may be due to calibration errors in the 


photographic determination. We calibrated the monochromotor—photomultiplier 


: [13] H. Oxape and W. A. Noyes, Jr., J. Am. Chem. Soc. 79, 801 (1957). 
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combination against a standard lamp and found that in the region 460-590 my the 
decrease in photomultiplier sensitivity is nearly counterbalanced by the dispersion 
of the glass prism. The phosphorescence can be completely quenched by O, while 
the fluorescence is not reduced by more than 20 per cent. It can be seen (Fig. 2) 
that the fluorescence extends appreciably into the phosphorescence region. 

The shape of the emission spectra of biacetyl in saturated hydrocarbon solvents 


intensity 


intensity 


@ 
a 
2 
3 
= 
a 


A, mm 
Fig. 2. Biacetyl emission spectra: (1) phosphorescence of vapor; (2) phosphorescence of 
degassed heptane solution; (3) fluorescence of air-saturated heptane solution (note scale 
change). 


is nearly the same as the vapor spectrum. Solution in nitromethane, pyridine, 
methanol, acetone or ether results in a somewhat broadened emission spectrum. 
The phosphorescence maximum shifts 1-2 my in the various solvents but these 
shifts do not parallel the absorption spectral shifts {11}. 


Refractive index corrections 
The yield data in Table 1 include the vapor as well as the solution results. 
When the emission passes from a solution into air, two effects may be present; 
some of the light may be permanently trapped by a series of total reflections [14], 
and the solid angle of the emergent cone may be increased [15]. Correction factors 
ranging from 1 to n® have been suggested to compensate for this effect. The 
refractive indices of the solutions listed in Table | vary from 1-39—1-43 and no 


14) A. Suepp, J. Chem. Phys. 25, 579 (1956). 
{15} E. H. Grmore, G. E. Grasonw and D. 8. McCiure, J. Chem. Phys. 23, 399 (1955). 
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corrections need be applied when these hydrocarbon solution quantum yields 
are to be compared. 

If the solution and vapor quantum yields are to be compared, a significant 
correction might be necessary. We attempted to evaluate this quantity empirically 
by comparing the total integrated emission from an aqueous disodium fluoresceinate 
solution with the emission from biacetyl vapor. This ratio is 15 while the ratio 
computed from the published values for the absolute yields is 6-1 [16,17]. The 
correction factor is thus 0-4. Correction for anisotropic emission or calibration 
errors might change this value somewhat but it is difficult to understand a correc- 
tion factor less than unity. Resolution of this paradox must await measurements 
by the integrating-sphere technique [4]. In the absence of such information no 
refractive-index correction is applied. 


Discussion 

In carefully purified and degassed solutions the triplet-state lifetime approached 
but never exceeded the value reported for benzene solutions, 1 « 10~* see [9]. 
This may be taken as the maximum lifetime in liquid systems. The vapor lifetime 
reported as 1-8 x 10-% sec [7] has been confirmed. In an E.P.A. glass at 77°K, 
the reported lifetime of 2-25 « 10-* see [18] has been confirmed. These data 
indicate practically no effect of viscosity or temperature on the internal conversion, 
T --S. The vapor and solution data for Q, and Q,/7 in Table | indicate that 
the other internal conversion processes are not changed by the transition from 
the vapor to the liquid state. 

The absolute quantum yields for the various transitions may be assigned in 
two extreme ways. 


(I) (11) 
S <0-01 <0-01 
8S’ § O-85 
S’--> T 0-15 1-0 
T—»S 0-15 0-15 
T --»> ~0 0-85 


The gas-phase data were not sufficient to distinguish between these alternatives ; 
both predict ®, = 0-15 and ®, < 0-01 (these are absolute, not relative, lumines- 
cence quantum yields). It is well known [9] that oxygen reacts with biacetyl 
in the triplet state and the phosphorescence gradually returns to the original 
unquenched value. We have observed that with the excitation intensities employed 
in this work this rate of oxygen removal was usually very slow but in certain 
solvents, notably ether, nitromethane, and pyridine, the rate was much faster. 
This is consistent with the observation of BowEn and Horton [19] that the 
quantum yield of biacetyl disappearance in ether was 0-84 while in heptane solutions 
the yield was only 0-16. We observe 0-15 for the photolytic quantum yield of 
air-saturated heptane solutions. The reaction that BowEn and Horton observed 


[16] G. Weser and F. W. J. Tears, Trans. Faraday Soc. 58, 646 (1957). 
G. and P. J. Chem. Phys. 11, 188 (1943). 
[18] D. 8S. McCivure, J. Chem. Phys. 17, 905 (1949). 

[19] E. J. Bowen and A. T. Horton, J. Chem. Soc. 1505 (1934). 
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was undoubtedly between biacetyl and oxygen. This high photochemical yield 
in ether can be explained only if the mechanism approximates (II). The possibility 
of a reaction between biacetyl in S’ and oxygen is excluded by the observation 
that in oxygen-saturated ether solutions the fluorescence yield is only slightly 
reduced; Q; 1-0 compared to the unquenched value of 1-2. Q,/7 is not signifi- 
cantly different from the value found in hydrocarbon solvents. Thus S° --> T 


is near unity for both heptane and ether solutions and most of the O, quenching 
in heptane is a physical rather than a chemical process. 

Of additional interest in this connexion are the results in ethyl iodide solutions. 
It has been shown that the iodine atom in this solvent increases singlet—triplet 
transition probabilities for radiative and non-radiative transitions [20,21]. A 


small increase in 7” <—S has been observed in ethyl iodide solutions of biacetyl 
[12]. If mechanism (I) is operative, > ke + ky. Qe and Q,/7 > kk ,/ks. 
Any spin-orbit coupling increase due to ethyl iodide would affect both ky and k, 


and would result in an increased Q,/7 and an unchanged Q,. For mechanism (IT), 
where k, + ky and Q,/7 ~ ks. Gs would thus decrease and Q,/7 
increase. The data for biacetyl in ethyl iodide are Gp = 1-0 and Q,/7r = 0-8. 
Comparison of these data with those in Table 1 would suggest that no real effect 


is present. However, Table | represents a compilation of results over a long 


period where calibration errors might be appreciable. For the ethyl iodide work 


two runs were made, separated by a heptane run. We conclude that a small 
decrease in fluorescence and no change in @,/7 occurs in ethyl iodide solutions. 
k, should be more sensitive to spin-orbit coupling than /, because the small 
energy difference between S’ and 7 (or 7") gives triplet character to S’ as well 
as singlet character to 7’ while S is only slightly affected [22]. Because of the small 
effect in ethyl iodide these comments are intended as heuristic rather than definitive. 
A stronger spin-orbit coupling perturbation would be required to confirm these 


assertions but the high photochemical yield in oxygenated ether solution does 
indicate that nearly all of the excited biacety! molecules return to the ground state 


via a triplet state. 
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Infrared spectra of inorganic ions in the cesium bromide region 
(700-300 cm 


For. A. Mitter*, Geratp L. Caritson*, Freeman F. BentLEyt 
and Wape H. Jongs*t 


( Rece ived 17 July 1959) 


Abstract—The infrared spectra from 300-880 em~! of 208 inorganic substances are reported. 
Nearly all are salts containing polyatomic ions. Spectral curves are presented for 140 of the 


compounds, and a list of characteristic frequencies is given for twenty ions. Among other 


matters discussed are: (a) the non-repre nducibility of some of the spectra, and reasons for this, 
(b) absorption due to the torsional oscillation of water molecules, and (c) some vibrational 
assignments for MnO,~ and CrO,? 


SEVERAL years ago MILLER and WILKINS published the infrared spectra of a 
number of inorganic salts in the rocksalt region. [1] Since then a spectrophotom- 
eter with CsBr optics has been acquired, and it seemed worth while to extend 
the spectra to include the region 700-300 em~!. After this work was nearly finished 
it was learned that a similar project was under way at Wright Field as part of 
a larger program on spectra in the CsBr region [2, 3]. The advantages of 
collaboration were obvious, and the present paper gives the combined results from 
the two laboratories. 

This paper is designed as a supplement to the one by Miniter and WILKrINs [1] 
(hereafter referred to as M“W). A considerable amount of background discussion 
is given there and will not be repeated. 

There is relatively little earlier infrared work on salts in the range 700-300 em=-!. 
Spectra of a few individual substances are scattered in the literature, and there are 
papers on borates [4]; chlorates, bromates, and iodates [5]; chlorates [6]; thio 
sulfates [7]; and XO, ions [8]. Nowhere is there a comprehensive collection of 
spectra such as is given here. 

Experimental 
Spectroscopic apparatus 

The Mellon Institute instrument is a Beckman IR-4 spectrophotometer with 
interchangeable NaCl and CsBr optics. It is a double-beam double monochromator, 
and records linearly in wave-numbers. All the spectra reproduced in this paper 


were obtained with it. For the conditions under which these spectra were run 


* Mellon Institute, Pittsburgh 13, Pennsylvania. 
+ Wright Air Development Center, Wright-Patterson Air Force Base, Ohio. 


l F. A. Micicer and ¢ H. Witkrns, Anal. Chem 24, 1253 (1952) 

2| F. F. Bentiey, E. F. Woirartn, N. E. Srp and W. R. Powe, Spectrochim. Acta 18, 1 (1958) 
3| F. F. Bentiey and E. F. Woirartn, Spectrochim. Acta 15, 165 (1959). 
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the spectral slit widths (i.e. one-half the total band pass) were 2-6 em~! at 300 em~', 
3 em— at 400 4 at 600 em~!, and 5 em~! at 800 em~'. 

The instrument used at Wright Field is essentially a Perkin-Elmer model 21 
spectrophotometer which has been modified to be both double beam and double 


pass, as already described by Bentiey et al. {2}. It records linearly in wavelength. 


Sample 8 


The samples were commercial chemicals, nearly all of C.P. or equivalent grade. 
Those used in the earlier work have their purity indicated on the spectra in MW. 
It should be borne in mind that labels on bottles do not always describe the 
contents exactly, especially with regard to water content. 

Sample preparation. All the spectra at Mellon Institute (and all reproduced 
here) were obtained as Nujol mulls. Nujol is nearly ideal in the ¢ ‘sBr range because 
it has no absorption except the rather weak, asymmetrical band at 725 cm~'.* 
The spectrum of Nujol is given (curve 160), and the Nujol band is marked on the 
other curves with an asterisk. At Wright Field many of the spectra were obtained 
as (sBr pressed plates. Sample thicknesses usually are somewhat greater in the 
CsBr region than in the NaCl region. 


Results 


Organization of the data 


Table 1 lists all 208 substances which have been studied. Each is given a 
number for ready cross-referencing to Table 2 and to the figures of spectra. Table 
2 gives the positions of the bands and a rough estimate of their intensities. The 
comment “poor spectrum” in Table 2 means that the bands are poorly defined. 
Spectra of 140 of the compounds are reproduced from the original records. If 
there is an asterisk for a substance (in both Table 1 and Table 2), the spectrum of 
that material is not included among the figures. These omissions were made for 
one of the following reasons: (a) the sample has no absorption below 700 em™?!; 
(b) there are numerous other examples of that class of salts (e.g. sulfates and 
nitrates: (c) in a few cases the spectrum was run first at Wright Field but was not 
re-run on the linear wave-number instrument for some special reason, such as 
unavailability of the sample 

The numbering of the substances here is identical with that in MW, so that the 
two papers can be used together. For example, sodium iodate is number 123 in 
both places. Four of the compounds in MW were no longer available: basic 
magnesium carbonate (13), cobaltous carbonate (16), sodium selenite (107) and 
copper selenite (108). On the other hand a number of new compounds not in 
MW are now included. They are inserted with related compounds, and are desig- 
nated by adding (a), (b), (c), ete., to the numbers. Most of these spectra are from 


Wright Field 


Idiosyncrasi s of the curves 


Several points about the curves warrant mention. First, water vapor absorbs 
strongly below about 320 em~!, and 300 em~? was the practical lower limit with 


* At great thickness | 0-5 mm). Nujol shows an additional weak, broad band at 560 em~. 
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Table 1. Index to infrared curves and tables of data 


Infrared spectra of inorganic ions in the cesium bromide region (700-300 em~!) 


1. 


Type 


Boron 


(a) Metaborate 
(b) Tetraborate 
(c) Perborate 


(d) Mise. 


Carbon 


(a) Carbonate 


(b) Bicarbonate 


(ec) Cyanide 


(d) Cyanate 


(e) Thiocyanate 


. Silicon 


(a) Metasilicate 


(b) Silicofluoride 


(c) Silica gel 


Formula 


NaBO,.2H,O 
Mg(BO,),.8H,O 
Pb(BO,),.H,O 
Na,B,O,.10H,O 
K,B,0,.5H,0 
Mnb,0,.8H,0 
NaBO,.4H,0 
H,BO, 

BN 


Li,CO, 

calcite 
CaCO,, aragonite 
Balt ds 

Pbct de 
(NH,),CO, 
CdCO, 
Ag,CO, 

Sr( Og 
NH,HCO, 
NaHCO, 
KHCO, 
NaCN 

KCN 

Ag CN 
Ba(CN), 
Zn(CN), 
CuCN 
Hgi(CN), 
KOCN 
AgOCN 
NH,SCN 
NaSCN 

KSCN 
Ba(SCN),.2H,O 
Hg(SCN), 
Pb(SCN), 


Na,SiO,.5H,0 
K Sif 

Na, Sik, 
SiO,.2H,O 


No. 


as 
ae l 
4 2 
3 
4 
5 
6 
8 
10 
11 
l 
14 
j l4a 
15 
17 
l7a* 
l7b* 
l7c* 
l7d* 
is 
q 19 
4 20 
21 
22 
22a* 
* 
22d* 
23 
24 
25 
26 
27 
= 
2s 
2 
29 
30 
31 
32 
4 33 
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(t 


Nitrogen 


\. G 


Type 


(a) Nitrite 


Nitrats 


Subnitrate 


Ammonium 


Phe wsphate 


tribasi 


Phosphate, 


dibasic 


l (contd.) 
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Formula 


NaNO, 
KNO, 
AgNO, 
Ba(NO,),.H,O 
NH,NO, 
NaNO, 

KNO, 

AgNO, 

Ca( NOs). 
Sr(NO 3). 

Ba 
Cu(NO,),.3H,0 
Co NO,),.6H,O 
Pb(NO 
Mg 
NO, ,9H,O 
Th(NO,),4H,O 
LINO, 
Zn(NO,),.6H,0 
HgNO,.H,O 

Ni NO,),-6H,O 
Al(NOg)5-9H,O 
Bi(NO,),.5H,0 
LO, NO,),.6H,0 
BiONO,.H,O 
NaN, 


Na,PO,.12H,O 
ro) 


IX 
PO,),4H,0 
as PO), 2 

Mn,(PO,),.7H,0 
Nig(PO4),.7H,O 


Cu,(PO,).3H,0 
CrPO, H,O 
(NH,),HPO, 
Na,HPO,.12H,0 
K,HPO, 
MgHPO,.3H,0 
CaHPO,.2H,0 
BaHPO, 
MnHPO,.3H,0 


H. Jones 


Table 
No. 
35% 
36* 
37* 
38 
3o* 
41* 
4 »* 
44* 
45* 
46* 
47* 
40 
49b* 
49c* 
49d* 
{Ue * 
} 
sof* 16 
1960 
49g° 
i9h* 
49i* 
19k* 
| 
d 
(c) 15s8* 
NH, br 158a* 
L58b* 
5. 
51 
52 
53 
o4 
56 
59 
59 
60) 
62 
65a* 
138 
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Table 1 (contd.) 


Formula 


5. Phosphorus— (contd 


(c) Phosphate 


monobasic 


(d) Hypophosphite 


Arsenic 


(a) Metaarsenite 


(b) Orthoarsenate, 


tribasic 
(c) Orthoarsenate, 


dibasic 


(d) Orthoarsenate, 


monobasic 
(e) Oxide 


Antimony 


Oxide 


Sulphur 


(a) Sulfide 


(b) Sulfite 


(c) Sulfate 


NH,H,PO, 
NaH,PO,.H,O 
KH,PO, 
Mg(H,PO,), 
Ca(H,PO,),.H,O 
NaH,PO,.H,O 


NaAsO, 
Ca,(AsO,), 


Na,HAsO,.7H,O 
PbHAst 
KH,AsO, 


As,0, 
As,0; 


Sb, 


Hgs 

Cds 
(NH,),80,.H,0 
Na, 
K,SO,4.2H,0 
Cam ),.2H,O 
BaSO, 
ZnSO,.2H,0 
(NH,),SO, 
Li,SO,.H,O 
Na,SO, 

K,SO, 

Cant ),.2H,O 
Mns¢ H,O 
FeSO,.7H,O 
CuSO,.7H,O 
ZrSO,.4H,O0 
MgSO,.7H,0 

BasSO, 
Al,(SO4)3-cH,O 
Fe,(S¢ ) 
CoSO,.7H,0 
Ag,S¢ 


Type No. 
66 
67 
68 
69 
70 
6. 
71 
i2 
73 
74 
75 
76 
76a 
77 
78 
159e 
159f* 
80 
x” 
83 
85 
86 
87 
su 
9] 
92 
93 
o4 
94a* 
94d* 
oat* 
94g * 
139 
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Table 1—(contd.) 


Type Formula 


8. Sulfur—(contd.) 


(c) Sulfate—(contd.) Cds 


(d) Bisulfate 


(e) Thiosulfate 


(f) Metabisulfite 


(g) Pyrosulfate 
(h) Persulfate 


. Selenium 


Selenate 


. Chlorine 


(a) Chloride 


(b) Chlorate 


(c) Perchlorate 


(d) Oxychloride 


. Bromine 


(a) Bromide 


(b) Bromate 


Ce( Vado 
Hg,S¢ 

Pbs¢ 
NH,HSO, 
NaHSO,.H,O 
KHSO, 
(NH,),5,05 
Na,S,f ),.5H,O 
K,8,0,.H,O 
Mgs,0,.6H,O 
Bas,( ),.H,O 
Na, Sof 
K,S8,0, 
K,8,0, 
(NH,),58,0, 
K,8,0, 


(NH,),SeO, 
Na, Set ), 10OH,O 
K Set 


CuSeO,.5H,O 


NH,Cl 
BaCl,.2H,O 
Hg,Cl, 
HgCl, 

BiCl, 
CdCl,.fH,O 
NaClO, 
KCIO, 
Ba(Cl0,),-H,O 
NH,CIO, 
NaClO,.H,O 
Mg(Cl0,), 
Bi0Cl 


NH,Br 
HgBr, 
NaBrt 
KBrO, 
AgBrO, 


100 
101 
102 
103 
104 
104a* 
105 
106 


109 
110 
111* 
112* 


158* 
159 
159a* 
159b* 
159c* 
159d* 
113 
114 
115 
116 
117 
118 
119 
119a* 


158a* 
119b* 
120 
121 


122 


No. 

o4i* 

94j* 

94k* 

941* 

a 95 

a 96 

97 

98 

99 

ing 

V \ L . 

16 
10640 
4 

a 

: 

4 
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Table 1—(contd.) 


Type 


2. Iodine 


(a) Iodide 


(b) Lodate 


(c) Periodate 


3. Vanadium 


Metavanadate 


. Chromium 


(a) Chromate 


(b) Dichromate 


. Molybdenum 
(a) Molybdate 


(b) Heptamolybdate 
. Tungsten 


Tungstate 


. Manganese 


Permanganate 


. Bismuth 
(a) Chloride 
(b) Bismuthate 


9. Complex ions 


(a) Ferrocyanide 


Formula 


NH,I 

Hgl, 

NalO, 

KIO, 
Ca(1O,),.6H,O 
KIO, 


NH,VO, 
NaVO,.4H,0 


(NH,),CrO, 
Na,CrO, 
K,CrO, 
MgCrO,.7H,0 
BaCrO, 
ZnCrO,.7H,O0 
PbCrO, 
Al,(CrO4)s 
(NH,),Cr,0, 
Na,Cr,0,.2H,O 
K,Cr,0, 
CaCr,0,.3H,O 
CuCr,0,.2H,O 


Na,MoO,.2H,O 
K,Mo( ), 5H,0 
(NH,),Mo,( 4H,O 


Na,WO,.2H,O 
K,WO, 
CaWw¢ 


NaMn0,.3H,O 
KMn0O, 
Ca(MnO,),.4H,O 
Ba(MnO,). 


BiCl, 
NabiO, 


Na,Fe(CN),.10H,0 
K,Fe(CN),.3H,O 
Ca,Fe(CN),.12H,0 


158b* 
122a* 
123 
124 
125 
126 
| 127 
128 
129 
130 
131 
132* 
133 
| 134 
135* 
136 
137 
138 
139 
140 
141 
142 F 
143 
144 
16 | 
| 
145 
4 146 
147 
q 4 
148 
149 
150* 
151 
18 
59c* 
159 
l5la 
152 
153 
| 154 
141 
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Table 1- 


(cont.) 


Formula 


Complex ions—(contd.) 


(b) Ferricvanide (CN 155 
c) Nitroferricyanide Na,| Fe(CN);NO].2H,O L55a 
(d) Cobaltinitrite Na,Co(NO),)¢ 156 
(e) Hexanitratocerate of 157* 


20. Ammonium NH,Cl 158* 
NH,Br 
NH,I 1L58b* 


21. Chloride NH,C! 158* 
BaCl,.2H,O 159 
Hg.Cl, 159a* 
Hel, 159b* 
Bit 159c* 


CdCl,.fH,0 159d* 


22. Sulfide Hgs 159e 
Cds 159f* 


TiO, 
Nujol 160 


* Spectrum not reproduced in this paper. 


the IR-4 (no flushing was done). The instrument is nearly ‘‘dead”’ in this region, 
and any slight unbalance in the amplifier can cause a drift of the pen. On a few 
of the curves this gives the appearance of a band at the extreme lowest frequencies. 
These apparent absorptions (see curves (1), (4), and (8) for examples) are generally 
ignored unless further tests convinced us they were real. 

For similar reasons water vapor gives rise to weak, rather sharp bands on some 
of the spectra at frequencies below about 400 cm 1 (See curves (2), (4), (11) and 
(12) for examples.) They too should be ignored. 


Accuracy 

Frequencies below 700 em! are believed to be accurate to within +3 ecm! 
for moderately sharp bands. (The instrument specifications are considerably 
better than this.) For those bands which were observed in both laboratories, the 
agreement is usually within this range. For very broad bands the error in judging 
the center may be greater than this, of course. The 680 em~! band of curve (51) 
is an extreme, but not unique, example. 

Much larger and more profound differences are found all too frequently when 
comparing different spectra. Bands may be missing, new bands may appear, 
others may be split in one case and not another, or there may be frequency shifts 
which are outside of instrumental error. These effects are undoubtedly due to 
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Table 2. Positions and intensities of infrared absorption bands 


Region Region 


Intensity Intensity 
(em™*) (em~*) 


1. Sodium metaborate 6. Manganese tetraborate 
NaBO,.2H,O MnB,0,.8H,0 
393 610 
422 623 
492 
526 . Sodium perborate 
551 NaBO,.4H,0 
645 


770 


305 

328 

353 

423 

498 vw 

415 ls 545 w, vb 

$45 615 m, vb 

643 648 m, vb 

677 770 w 

812 

863 8. Borie acid 
Poor spectrum H,BO, 


2. Magnesium metaborate 
Mg(BO,),.8H,O 


547 
3. Lead metaborate 650 
Pb(BO,),.H,O0 692 


No bands 700-300 S16 


4. Sodium tetraborate 9. Boron nitride* 
Na,B,O,.10H,0 BN 
467 No bands 700-300 
641 . Lithium carbonate 
Li,CO, 
$32 420 

4198 

695 


740 


5. Potassium tetraborate 
K,B,0,.5H,0 


325 S65 
352 


375 . Sodium carbonate 
397 Na,f ‘Oz 
457 
495 
569 
618 
~677 
702 
eae ; 2. Potassium carbonate 
787 K Os 
843 676 
Poor spectrum 710 


605 
692 
705 


857 


vy, sh 
4 vb 
wa 
4 
8 
vw 
24 | Ww 
w, vb 
w, b 
re Vw, sp 
Vw 
Ww, sp 
143 
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Table 2—(contd.) 


Region 
Intensity 


(cm 1) 


14. Calcium carbonate 
(at | de 


calcite (usual form) 


320 vs, vb 
7il 8, sp 
873 vs, 8p 


l4a. Calcium carbonate 
Cat 
aragonite 


~315 vs, vb 

702 w, sp 
716 Ww, 8p 


S65 


15. Barium carbonate 


jal 

690 8, 8p 
S38 vw 
S55 va, sp 


17. Lead carbonate 


i7a. Ammonium carbonate * 


(NH,),CO, 


No bands 665—300 


17b. Cadmium carbonate’, 
UO, 


No bands 665-300 


Silver carbonate* 
Ag UO, 


No bands 665 S00 


17d. Strontium carbonate* 
srt UO, 


No bands 665-300 


Og 
400) s. vb | 
67s s 

687 w, sh 
837 m | 


Region 
(em-!) 


18. Ammonium bicarbonate 


NH,HCO, 
315 8 

~450 m, vb 
645 w, sh 
654 m, sp 
708 vs 
842 

19. Sodium bicarbonate 

NaHC( 
655 Ww, sp 
695 Vs 


20), Potassium bicarbonate 


KHCO, 


666 
708 
843 


21. Sodium cyanide 


NaCN 


Probably no bands 
8S0—300. See text. 


te 
te 


KCN 


No bands 880—300 


22a. Silver cyanide* 


Ag CN 
474 


22b. Barium cyanide* 


Ba(CN), 


461 
610 
645 


22c. Zine cyanide 


Zn(CN), 
459 


. Potassium cyanide 


Intensity 


m, Sp 
vs, Sp 


vs, sp 


w, vb 
m 

8, 8p 


837 
| 
| 16 
] 
— 1960 
we 
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Table 2—(contd.) 


Region Legion 


1 Intensity 1 Intensity 
(em~*) (em~*) : 


. Cuprous cyanide * 
CuCN 
No bands 665-300 


Mercurie cyanide 
Hg(CN), 


340 
413 
443 
617 


Potassium cyanate 
KOCN 

570 

630 | 

638 | 

665 


Silver cyanate 
AgOCN 

376 

593 

630 

654 

SO4 


Ammonium thiocyanate 


NH,SCN 


467 Ww, 


477 


idea 


Sodium thiocyanate 
NaSCN 

475 

451 


755 


Potassium thiocyanate 


KSCN 


474 8, sp 
4584 m, sp 


747 


28. Barium thiocyanate 
Ba(SCN),.2H,O 
~410 
463 
468 


29. Mercuric thiocyanate 
Hg(SCN), 
315 m sp 
359 m 
427 8, sp 
460 w 
697 vw 
718 vw 
817 vw 
834 vw 
30. Lead thiocyanate 
Pb(SCN), 
457 
472 
733 
760 
31. Sodium metasilicate 
Na, Sif ),.5H,0 
463 vs, b 
725 s, b 
782 m 
~840 m, vb 


32. Potassium metasilicate 
K,SiO, 
~470 


~§25 


Poor spectrum 


33. Sodium silicofluoride 
Na, SiF, 
477 m, sp 
497 8, Sp 
524 vw 
735 vs, vb 
~7T90 m, sh 


22d 
dl m, vb 
vw 
w 
22e. 
z 504 m, vb 
m, vb 
3 w ~720 m, vb 
vw 757 w 
‘ 
7 vw, vb 
23 
vw 
8 } 
w 
94 
24. 
m 
s 
vw, sh 
m 
vw 
8, sp 
m, sp 
26 
vb 
= m 
27, 
10 145 
4 
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Table ontd.) 


Region 


ly 


Intensity Intensity 


44. Strontium nitrate* 
sri NOs) 


No bands 720-300 


34. Silica gel 


SiO, 7H 


~ 465 s. vb 
618 w, b | 
vb 45. Barium nitrate* 
Ba( NOs), 
No bands 720-300 


35. Sodium nitrite 


NaNO, 


6. .* 
No bands 820-300 46. Cupric nitrate 


Cu NO,),.3H 


36. Potassium nitrite* No bands 700-300 


KNO, 


ie 7 47. Cobaltous nitrate* 
o bands 780—300 
an ‘ ‘ o(NO4)».6H 


a7 Silver nitrite® No bands 830-300 
oe ive 


\oNQ, 
isk. Lead nitrate* 
No bands 820-300 Pbh(NO,), 


No bands 720-300 


38. Barium nitrite 


ba 
Ba(NO,),-H, 49. Ferric nitrate 
$57 vs, b Fe(NO,),.9H,O 
s, b S00 
w, b w, sh 


720 
S17 m 664 b 


Poor spectrum 715 Ww 


Ammonium nitrats 
NH,NO S50 m, b 
No bands 820-300 

Magnesium nitrate* 


Mg(NO,),.6H,O 


40, Sodium nitrate* 
NaNO, 465 m, vb 


Ni b 


bands S20-300 


49b. Mercurie nitrate* 
Hg(NO,),.H,O 


41. Potassium nitrate 


KNO, 


~ 
No bands 820-300 | 412 vw, vb 
| ~540 vw, vb 


Silver nitrate * 
nitrat« 49c. Chromic nitrate* 
AgNO, Cr(NO,),.9H,O 


No bands 720-300 


s, vb 


49d. Thorium nitrate* 
Th(NO,),4H,O 


~ 565 m, vb 


43. Calcium nitrate* 
Ca(NO,),.4H,O 


No bands 720-300 


aa 
6 
4 
19060 
b 
742 vw 
39. 
4 
» 
| 
| 
4 
woke ae 


Infrared spectra of inorganic ions in the cesium bromide region (700-300 cm-') 


rable 2 


Region 


Intensity 
(cm~*) 


Lithium nitrate* 


LINO, 


No bands 665-300 


49f. Zine nitrate* 
Zn(NO,),.6H,0 


No bands 665-300 


Mercurous nitrate * 
HgNO,.H,O 


No bands 665-300 


49h. Nickelous nitrate * 
Ni(NO 
No bands 665-300 


Aluminum nitrate* 


Al(NO4)5.9H,O 


No bands 665-300 


491. 


49}. Bismuth nitrate* 
Bi(NO,),.5H,0 


No bands 665-300 


49k. Urany! nitrate* 
UO,(NO,),.6H,0 


No bands 665—300 


50. Bismuth subnitrate 
BiIONO,.H,0 
~410 
502 
570 
729 
S15 


SOY 


50a. Sodium azide* 
NaN, 


639 


(contd.) 


Region 


Intensity 
(cm } 


51. Sodium phosphate, tribasic 


Na,PO,.12H,O 


St bo 
te tg 


52. Potassium phosphate 
KPO, 
516 
545 
85S 
Poor spectrum 


53. Magnesium phosphate, tribasic 
Mg,(PO,),.4H,0 

325 

341 

100 

430 

446 

460 

48 

570 

603 vs 

727 m Nujol? 
780 

841 Ww 


54. Calcium phosphate, tribasic 
Ca,(PO,), 
353 
606 


55. Manganese phosphate, tribasic 
Mn,(PO,)..7H,O 
317 
334 


528 
582 


602 


* 
vw 
vw 
5 Ww 
8, vb 
4 m, b 
m 
| 
J 
| 
| 
| 
| 
a m, vb | 
| 
<4 vs | 
ee s, sh | 635 w 
| 
vw 
| as 
m, b 
8, 8p m, b 
667 vw vw, sh 
| ~740 m, vvb 
147 


F. A. 


57. Cupric phosphate, 


2 3H,0 


59. Chromic ph wsphate, 
CrPO,.H,O 


mol 


NH,),HPO, 
~ 445 
5354 


HOS 


Na,HPO,.12H,0 


~465 


Poor spectrum 


K,HPO, 
520 
543 
625 


840 


60. Ammonium phosphate, 


Intensity 


56 Nui ke lous phosphate, tribasi 


ribasit 


tribasic 


vvb 


d basi 


Vb 


61. Sodiun phosphate, dibasic 


62. Potassium phosphate, dibasic 


RentLey and W. H. Jones 


MgHPO,.3H,0 
320 
SUS 
416 
33 
510 
578 


615 


1PO,.2H,0 


IPO, 


65a. Manganous phosphate 


MnHPO,.3H,0 


66. Ammonium phosphate, monobasic 


NH,H,PO, 
~465 
55S 
620 
NaH,PO,.H,O 
382 
$25 
465 


‘ium phosphate, dibasic 


ium phosphate, 


Intensity 


63. Magnesium phosphate, dibasic 


dibasic 


s, b 


s, b 


m, vvb 
m, vb 
Ww 


67. Sodium phosphate, monobasic 


dibasic 


rable 2 ontd.) 
7 
Ni,(PO,),.7H,0 
572 vs. vb m, b 
625 w, b 
742 w. vb Ww 
vw 
w, b 
w 
m 
| vw 
$25 
640 vw 
vw, vb 
Si 2 
32 vw 
562 
620 
643 410 m 
5350 w, b 
58. Lead ph sphats . tribasn 567 m 
m 
Pbh,(PO,), 
545 va, b 
65. Bor 16 
os vs 
1960 
‘J. 5, 
$25 | 
532 | 
s, vs, b 
578 m 
ad 370 m, b 
8 520 
| | 
w, b | 
531 m, b 
| 
| w 
w, vb | 525 m 
vw | 557 
860 vw 622 m, vb nits 
; 
148 
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Table 2—(contd.) 


Region Region 
1 Intensity Intensity 
(em~*) ) 


(cm 


68. Potassium phosphate, monobasic 73. Sodium orthoarsenate, dibasic 


KH,PO, Na,HAsO,.7H,0 


542 


69. Magnesium phosphate, monobasic 
Mg(H,PO,). 


323 m 74. Lead orthoarsenate, dibasic 
375 m, b | PbHAsO, 
492 vw | 353 Ww 


~-9 


m | S81 VS 


iva 


70. Caleium phosphate, monobasic 
Ca(H,PO,),.H,0 


S06 


75. Potassium orthoarsenate, 
monobasic KH AsO, 


id 


503 vs, vb pe 

| 740 
547 Ww ~i4 4 vb 
573 W 


76. Arsenic trioxide 


As. deo 
70a. Sodium hypophosphite* a 
349 vs 
NaH,PO,.H,O 
465 s 190 w, sh 
SO5 
845 
71. Sodium metaarsenite 
NaAsO, 76a. Arsenic pentoxide 
| As.O- 
365 
342 vs, b 
s, D ane 
305 vw 
480 vw 
418 vw 
517 vw 
w, b 
557 vw, sh ania 
vivo Ww 
583 Ww 
: 668 w, vb 
628 
SU; m, b 
~693 w, vvb 
~757 vw 77. Antimony trioxide 
vw Sb,0, 
841 vw 340 | 
857 w 353 | 
Poor spectrum 388 vs 
492 vs, b 
72. Calcium orthoarsenate, tribasic cee 
597 m, b 
Ca,(AsO,4) 
695 m 
368 vw 750 vs, vb 
435 vs, vb 835 w 


350 m ; 
396 vs 
| 560 m, vb 
i 725 m, vb 
= 
m 
m, b 
391 m | 
ie 145 vw, sh 
) 
: 
| 
149 
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Table 2 (contd.) 


Intensity Intensity 


7s. Antimony p ntoxide 86. Lithium sulfate 
Sb,O, Li,SO,.H,O0 


s, b 322 vw 
143 s, vb 367 8 
vw 437 w, b 
| 480 w, b 


oad vw, b 
646* 8 


79. Ammonium sulfite * The value in MW (634) is 


(NH,),80,.H,O | 
incorrect. 
616 
| 87. Sodium sulfate 
80. Sodium sulfite NaSO, 
Na,SO, | 620 8 
641 8 


497 vs 
635 
| 88. Potassium sulfate 
K,SO, 
81. Potassium sulfite 620 vs 


K,80,.2H,O 
89. Calcium sulfate 


s 
| CaSO,.2H,0 


619 Vs 


318 m 
82. Calcium sulfite 603 s 
Cant ),.2H,O 668 
Real! 90. Manganous sulfate 


| MnSO,.cH,O 
405 m 
524 m | ~510 w, vb 
607 Ww 
Hoo vs 

w 


Barium sulfite 
91. Ferrous sulfate 

Fes 7H,0 


497 V8, Sp 
513 vs, 8p 440 vw, b 
612 vw 615 s, b 
O54 vs 


92. Cupric sulfate 
CuSO 4.2 H,O 


84. Zine sulfite* 
ZnSO,.2H,0 ~400 w, vb 
| 72 m, vb 


m 


Unrepr diucible. See text. 


5. Ammonium sulfate 
iN stv) 
NH, 2 4 SOS m 


617 


Region 
(cm 1) 
~~ ide 
V \ L 
w 
630 m 
- 
vs Bis 
150 
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Table 2 


(contd.) 


Region 
(em 1) 


93. Zirconium sulfate 
ZrSO,.4H,0 


328 

445 w 
625 Ww 
657 m 
728 m 
780 
S34 


94. Chromium pctassium sulfate 


325 m 

562 m 

615 w, vb 
~T00 w, vb 


94a. Magnesium sulfate * 
MgsSO,.7H,O 


~385 m, vvb 


588 8 


94b. Strontium sulfate * 
SrsoO, 

606 s 

641 s 


94c. Barium sulfate* 

Ban 
606 8 
633 
Aluminum sulfate * 


408 s, b 
493 w, b 
602 vw 
641 vw 


Poor spectrum 


94e. Ferric sulfate* 


426 vw, b 
483 w 
581 8 
625 w 
641 w 


94f. Cobaltous sulfate * 
CoSO,.7H,O 


613 w, b 


Intensity 


(em 


94g. 


94h. 


Ceric sulfate* 


94). 


94k, 


941. Bismuth sulfate * 
Bi,(504)3 
382 vw, b 
435 vw. b 
606 vs 
633 vw, sh 
95. Ammonium bisulfate 
NH,HSO, 
414 m, sp 
432 m, sp 
457 w 
577 vs 
587 vw, sh 
600 vs, sp 
w, b 
~s870 Vs 


Legion 


Intensity 
) 


Silver sulfate* 
Ag SO, 


588 


Cadmium sulfate * 
CdSO 4.2 H,O 


417 m 
513 w, b 
588 
617 Ww 
654 w 


Vado 

457 m, b 
597 8, sp 
641 8, sp 


Mercurous sulfate * 
Hg.S0O, 


5OS W 
568 m 
593 Ww 
643 m 


Lead sulfate* 
PbSO, 


592 8, Sp 


623 


a 
|| 
Fy 
8, sp 
€ 
q 
1° 151 
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Table 2 


(contd. ) 


fegion 
1 Intensity 
(em 


96. Sodium bisulfate 
NaHSO,.H,O 


~470 


587 


97. Potassium bisulfate 

KHSO, 
407 
433 
457 
578 

~592 
615 


857 


98. Ammonium thiosulfate 
(NH4).5,05 
466 
533 
542 


~670 


99. Sodium thiosulfate 
Na,S,0,.5H,O0 
430 w 
545 m, b 
668 m, b 


Poor spect rum 


Potassium thiosulfate 

539 

548 

558 

620 

658 

674 


101. Magnesium thiosulfate 


Mgs,0,.6H,0 


~450 
~450 


vw, b 
vw, b 
~ 560 vw, b 
~660 s, vb 


Poor spectrum 


Region 

(em~!) 

Barium thiosulfate 
Bas ) 


406 w, b 
463 m, sp 
510 m, b 
539 
557 

~b6s2 


S58 


103. Sodium metabisulfite 
Na,S,0, 


448 
517 
525 
533 
568 
621 
~640 
~660 


w, sh 


104. Potassium metabisulfite 
K,S,0, 


442 
513 
562 
584 
621 
654 


104a. Potassium pyrosulfate* 
K,8,0, 
337 
459 
515 
578 


645 


Ammonium persulfate 

448 

577 


Intensity 


w, vb 
|| s, b 
vw 
w, b 
w 
m 
vw, sh 
m 
|_| w s, b 
vw, sh 
w 
8 
8 16 
| — 1960 
vs, b 
vs 
vs 
vs, sp 
vs 
vs 
100. 
Ss, sp 
w, sp 
w, sp 
m 
v8 
vs b 
vw 
105. 
n 
b 
152 
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(contd.) 


Region 
(cm 1) 


106. Potassium persulfate 
K,S,0, 
443 w 
560 s 
590 m 
618 m 
~690 


109. 


110. 


111. 


112. 


113. 


114. 


Ammonium selenate 
(NH,),SeO0, 

338 w 
380 w 
415 s, b 
628 8, b 
775 m 


Sodium selenate 
Na,Se0,.10H,O 

364 m 
417) 
435 | 

612) 

627 | 
740 w 
790 | 

800 } 
845 m 


Potassium selenate* 
K Set 

No bands, 800-300 
Poor spectrum 
Decomposition ? 


Copper selenate* 
CuSeO,.5H,O 


Reaction with CsBr and CsI. 


See text. 


Sodium chlorate 


NaClO, 
454 8, sp 
627 8 


Potassium chlorate 
KCIO, 

490 vs 
62: ~ 


Intensity 


Region 


(cm 1) 


Intensity 


115. Barium chlorate 
Ba(ClO,),.H,O 


400 m, vb 
487 m 
507 
617 s 


116. Ammonium perchlorate 
NH,CIO, 


628 vs 


117. Sodium perchlorate 
NaClO,.H,O 


~385 m, vb 
~480 w, b 
624 s 
641 m 


118. Potassium perchlorate 
KCIO, 


625 s 


119. Magnesium perchlorate 
Mg(ClO,), 


~390 w, vb 

~460 w, b 

~495 w, b 
580 w, b 
622 m 
648 m 


119a. Bismuth oxychloride * 
BiOCc! 
518 
Complete absorption 360-300 


119b. Mercurie bromide* 
HgBr, 


329 vw real? 


120. Sodium bromate 
NaBrO, 


370 8 

447 vs 
805 vs 
820 m, sh 


4 
Table 
| 
| 
153 


F. A. Mitzer, G. L. Cartson, F. F. Bentiey and W. H. Jones 


Table 2 (contd.) 


Region Region 
Intensity | Intensity 
(em~*) (em~*) 


121. Potassium bromate | 126. Potassium periodate 
KBrO, KIO, 
362 v8, 8p 317 vs 
431 8 335 vw 
798 vs ~352 vw, sh 


556 


122. Silver bromate wee 

AgBrO, 
61s m 


ene 
o 689 


SSS 


440 


vw 
768 Vs 127. Ammonium metavanadate 
793 m NH,VOs 

332 m 


122a. Mercuric iodide * 
Hel, 


No bands 665 So 


s, vb 


m 


128. Sodium metavanadate 
NaVé »..4H 


340 m 
377 Ww 


123. Sodium iodate 


Nalf de 


sp 


i835 
~ 


S45 


129. Ammonium chromate 
(NH,),CrO, 


KIO, 369 w 
m w, sh 


787 


| 
vs 
130. Sodium chromate 
vw | 
rU, 
: 384 w 
125. Calcium iodate 399 
392 
Ca 6H,O | 471 } 
3/2 2 7 w, b 
324 vw, sh 612 m, b 


855 


131. Potassium chromate 


482 
592 w, b K,CrO, 
657 w, b 386 w, 8p 


THO-840 va, vvb 309 Ww, 8p 


3, 
‘ 
w 
= 8 
1960 
334 
~358 w, b 
vs, vb 
770 Vs 
8 
S03 m 
124. Potassium iodate 
m 
gee 

a 
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Table 2 (contd.) 


legion Region 
Intensity Intensity 
(cm ) (em ) 


132. Magnesium chromate * 139. Potassium dichromat« 
MgCrO,.7H,0 K,Cr,0, 
No bands 800-300 


134. Zine chromate 
ZnCrt ),.7H 20 


140. Calcium dichromate 
CaCr,0,.3H,0 


378 s 
Poor spectrum $63 w, b 
557 vw 
133. Barium chromate nt 
BaCrO, | 
375 w | 767 vs, b 
| 
392 m 
422 


383 ase 
317 vw 
408 ba | 329 vw 
613 m 359 
637 vw 307 
812 
l 8 400 vw 
518 
135. Lead chromate * w,b 
PbCrO, 540 w, b 
566 w, b 
388 w, b 
760 s, vb 
136. Aluminum chromate 509 
Al, (( rO4)5 
ar ‘ 
~350 vw, sh 141. Cupric dichromate 
367 CuCr,0,.2H,O 
~415 vw, sh 
426 vw 323 
865 
154 m, b 
732 m 
8, V b 


Peor spectrum 


7. Ammonium dichromate 


(NH,),Cr,0, 142. Sodium molybdat 


Na,MoO,.2H,0O 


. Sodium dichromate 
Na,Cr,0,.2H 
35 | 
143. Potassium molybdate 
K,Mo0,4.5H,0 


| 
; 
ay 
a 
> 
13 
369 
577 | 314 
745 vs, vb ~330 
SOO w, sh 
550 w, b 
138 v, b 
vw 
57 
574 vw 335 8 
745 
745 m, b ~s40 vs, vb 
vs 
| 
l 
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Table 2 (contd.) 


Region 
Intensity Intensity 
(cm~*) 


144. Ammonium he ptamolybdate 150. Caletum permanganate * 
NH ;0,,4H,0 Ca(MnO,),.4H,O 
m vw 
401 vw 
~560 m, vvb 


151. Barium permanganate 
Ba(MnO,), 


352 w real? 
145. Sodium tungstat« | — 
\\ ois m, sp 
a ‘) 
2 yin) w, 8p 
848 


l5la. Sodium bismuthate 


NahbiO, 


tungstat« 


Sodium ferrocyanice 


337 vw Na,Fe(Cn), 


153. Potassium ferrocyvanide 


147. Calcium tungstate 

CaWO, KK 

ae ~408 vw, sh 

142 1 m 
oss s 


619 


148. Sodium permanganate 


NaMnO, 3H,0 154. Calcium ferrocyanide 


Ca,Fe(CN),.12H,O 


420-640 vs, vvb 
812 w | 462 m, b 
857 a m, b 


Poor spectrum 


149. Potassium permanganate 
KMnO, 155. Potassium ferricyanide 


K,Fe(CN le 

395 vs 
419 vw 
513 


582 | 
347 w 
840 
S65 
453 vs, vb 
~542 s, vb 
146. Potassium EE — 
v* 
i) 
K,WO, 
1060 
en 
370 m aw 382 w, vb 
vw 30 vw 
m, vw 
638 m, Vb | 588 m 
va, b 
vs, 
|_| m, b 
402 8, 6p 
: 
156 
4 


i 
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Table 2—(contd.) 


Region Reston 
(cm 1) Intensity Intensity 


(em~") 


155a. Sodium nitroferricyanide 159a. Mercurous chloride* 
Na,{ Fe(CN),NO}.2H,O Hg,Cl, 
324 m No bands 670-300 
$25 vs 
470 vw 


159b. Mercuric chloride* 


5OO 
520 w, vb 
373 s, b 


665 


156. Sodium cobaltinitrite 159¢. Bismuth trichloride* 
Na,Co(NO,), BiCl, 
373 vs ~339 w, b 
398 vw, sh 505 vw, b 
450 s 575 W 
616 s, sp | 
845 vs 


159d. Cadmium chloride* 
157. Ammonium hexanitratocerate * CdCl, 


(NH,).C 


No bands 700-300 


No bands 670—300 


159e. Mercurie sulfide 


158. Ammonium chloride* 
Hes (cinnabar) 


No bands 880-300 


344 V8, Sp 


Ammonium bromide 159f. Cadmium sulfide* 
NH,br Cds 


No bands 700-300 
300 ? 


158b. Ammonium iodide 


NH,I 159¢. Titanium dioxide 
No bands 700-300 Tit Yo 
350 ° s real? 
159. Barium chloride | 460—800 8s, vvb 
jaCl,.2H,O 
417 s, b 


160. Nujol 


~530 s, sh, b 
568 s, b No bands 700—300 
~T00 vs. vb 725 w 


w weak, m medium, 8 strong v very, b broad, sp sharp, sh shoulder. ‘‘Poor 


spectrum’’ means one with poorly-defined bands. 


* Spectrum not reproduced here. 


5, Sp | 3 
| 
| 
: 
3 
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differences in the sample itself or in the manner of preparation—to such factors 
as the crystalline form, the extent of hydration, whether a Nujol-mull or an alkali- 
halide pressed plate was used, and which particular alkali halide was employed 
for the latter. 

These differences, whatever their cause, are most disturbing because one does 
not become aware of them unless one has occasion to repeat the spectrum under 
different circumstances. One wonders how many such variances are still unde- 
tected in published infrared spectra. 


Table 3. Comparison between NaCl and CsBr spectra in the region 
of ove rlap (630-880 cm 1) 


Curve no. Substance NaCl (MW) CsBr 


A. Bands not im NaCl spectrum hut prese nt in CsBr spectrum 


NaBO,.4H,0 770 
25 NH,SCN 752 


30 Pb(SCN 733 
760 
Fe(NO,),-9H,O 715 
S10 
52 K,PO, 857 


Band present in NaCl spectrum but not in CsBr spectrum 


MnSO,.2H,O 825 (s) 


Profound differences hetween NaCl and CsBr spectra 


Mei BO,),.8H.O SOS 812 

863 
12 K,CO, 677 
710 


The region of overlap between the rocksalt spectra of MW and the CsBr spectra 


of this paper—i.e. the range 630-880 em~!—provided a place to test the repro- 


ducibility of spectra. Above 700 em~! the dispersion of CsBr becomes rather poor, 
although the wave-number accuracy of the Beckman IR-4 should still be fairly 
good. (It is specified to be +3 em~' at 860 cm 1) We have compared the two 
sets of spectra where they overlap, and find the agreement to run the entire gamut 
from excellent to none whatever. Some examples of lack of agreement are gathered 
in Table 3. One type is the case in which fairly strong bands are found in the 
7 CsBr spectra which are missing in MW’s rocksalt spectra (Table 3A). This may 


be due to the use of generally thicker samples for the former. Another possibility 
is that the bands are more apparent on a linear wave-number plot, because a 
wavelength plot with an NaCl prism broadens bands below 900 em ! abnormally. 


16 
19060 
865 - 
3 
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The converse of this—a band found with NaC] that was not found with CsBr— 
was observed in one case (Table 3B). 

For some substances there were profound differences between the two spectra 
(Table 3C). Inasmuch as the samples were always run as Nujol mulls, this probably 
reflects differences between the samples themselves. 


Discussion of results 
Quality of the spectra 
The spectra vary in nature from surprisingly good to very poor and ill-defined. 
The best spectrum in the collection is that of K,S,O,, (no. 104). Examples of ill- 
defined spectra are fairly numerous, and are illustrated by Mg(BO,),.8H,O (no. 2), 
CrPO,.2H,O (no. 59), and Mg(ClO,), (no. 119). 


Origins of the absorption 

Absorption in the CsBr region may be due to any of the three following types 
of motion in the sample. (1) Internal vibrations of a polyatomic ion. This is 
essentially a molecular effect. The vibrations of an SCN~ ion will be approximately 
the same regardless of whether it is in solution (and has been studied by the Raman 
effect) or whether it is in a crystalline lattice of NaSCN, KSCN or another salt. 
Some of these vibrations will give rise to characteristic infrared frequencies of the 


ions. (2) Torsional oscillations of water molecules in the sample. (3) Lattice 
vibrations. It is most unlikely that these will be above 300 em~', but they may 
appear as sum and difference tones with frequencies of internal vibration. They 


are of course unique to the crystalline state. 


Bands due to water 

Absorption by atmospheric water vapor is readily observed in conventional 
infrared instruments below about 600 cm~!. It becomes more intense at lower 
frequencies, and is a serious problem below about 300 cm~!. The absorption is 
due to rotational transitions. In solids containing water of crystallization the 
rotations become more or less hindered, and are better termed torsional oscillations. 
It is not surprising that they too produce absorption in the CsBr region. 

Perhaps the most convincing evidence for this among these spectra is provided 
by BaCl,.2H,O (no. 159), which has four bands in the range 400-700 em~?. These 
cannot be due to internal vibrations, because the lowest of these for H,O is about 
1600 em~!, and because the barium and chlorine are present as ions[9]. They can 
scarcely be lattice vibrations involving Ba** and Cl-, because these are expected by 
analogy with other substances to have much lower frequencies. They must there- 
fore arise from external motions of the water molecules, and torsional oscillations are 
a reasonable cause. Incidentally, the band at 700 em~! in BaCl,.2H,0 is the highest 
frequency of this sort that we have identified. 

A further example is provided by the thiocyanates. In curves (25), (26), (27), 
(29) and (30), all of which are for anhydrous salts, the bands are sharp. On the other 


9) R. W. G. Wycxorr, Crystal Structures Chap. 10, pp. 5, 13 and 15, and references cited therein. 
Interscience, New York (1953). 
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hand, curve (28), for Ba(SCN),.2H,O, has additional broad, ill-defined absorption 
which is due to water. 

One thus sees that the water bands are, at least in many cases, very broad. 
They can therefore sometimes be picked out merely by inspection, especially on a 
linear em~! plot. Examples are: (a) the 457 and 570 em~* bands of Ba(NO,),.H,O 
(no. 38) (anhydrous nitrites and nitrates have no bands below 700 em-"); (b) the 
440 em~! band of Fe(NO,),.9H,0 (no. 49); (c) the 690 em~! band of Na,PO,.12H,O 
(no. 51): (d) curves (55), (59), (93), (94), (99), (101), (128) and (148). The breadth 
of the bands may be due to either of two causes: (1) a very anharmonic potential 
for the torsional oscillation, or (2) the operation of hydrogen bonding. 

However, it must not be assumed that all broad bands are due to water, for 
this need not be so, and certainly has not been demonstrated here. Also, water 
of crystallization is not always evident in the CsBr region. For example several 
hydrated nitrates gave no bands below 700 cm~1, but only very broad general 
absorption extending over several hundred wave-numbers (nos. 43, 46 and 47). 


Christiansen filter effect 

This is even less common in the CsBr region than in the NaCl region. It is a 
scattering phenomenon and the particle size can readily be reduced to well below 
the wavelength of the radiation (15-30 a), so that scattering is negligible. The 
effect was. however. observed in a few cases; see curves (66), (68), (75) and (159 G). 
It is interesting to note that in the latter (TiO,) the band has the customary 
asymmetric envelope usually observed [10] but for the other three the band shape 
is the mirror image of this. The writers have not seen the latter behaviour else- 
where. It means that the refractive index curve of the sample crosses that of 
Nujol on the low-frequency side of the band rather than on the high-frequency 
side. This in turn implies that, away from the region of anomalous dispersion, 
the refractive index of Nujol is higher than that of the sample. However, curve (68) 
showed the same anomalous contour both as a Nujol mull and as a dry powder, 
which we do not understand. 


Comments on individual spectra 


(1) CaCO, and other carbonates. Spectra of two different crystalline forms of 
CaCO,, calcite (the common form) and aragonite, are shown in curves (14) and (14A). 
They have distinctly different spectra near 700 em~!, but no other bands in the 
CsBr region. 

Most of the carbonates (nos. 10-17 D) give evidence of strong absorption beyond 
the low-frequency range of the instrument. This must be due to lattice vibrations, 
because the lowest fundamental of the CO,?~- ion is about 680 em! and because 
the absorption is found in anhydrous salts and therefore is not due to water. It 
has long been known that carbonates have a lattice-type absorption in this region 
[11], and this may be useful in identifying them. 

(2) Cyanides. The only internal frequency of the CN~ ion is about 2080 em". 


[10] W. C. Price and K. 8. Tetriow, J. Chem Phys. 16, 1157 (1948). 
C. ScHaErer and F, Marosst. Das Ultrarote Spektrum p. 340. Springer Berlin (1930). 


160 


3 

16 

1960 

.. 

| 

a 

. 


Infrared spectra of inorganic ions in the cesium bromide region (700-300 cm-') 


Therefore if the lattice frequencies are less than 300 cm~! as expected, and if 
the salts are indeed anhydrous, no bands should be observed between 300 and 
700 em~!. Actually, considerable rather ill-defined absorption was found with 
the first samples of NaCN and KCN used (curves 21 and 22). However, when 
samples were taken from newly-opened bottles the absorption was absent. These 
cyanides are known to form impurities readily on exposure to the atmosphere 
and the absorption was undoubtedly caused thereby. 

The spectrum of Hg(CN), (no. 22 E) is qualitatively different from that of the 
ionic cyanides. This is due to its being a covalent linear molecule, N=C—Hg 
C=:N. The infrared and Raman spectra have recently been studied in detail by 
Jones [12] and by Woopwarp and Owen [13], respectively. The strong band at 
443 cm~! is due to the asymmetric Hg—C stretch, while the weak one at 340 is a 
bending frequency. 

Zn(CN), (no. 22C) has a strong band at 459 em~!, which suggests that it too 
may be molecular. 

(3) Cyanates. Cyanates, like cyanides, decompose upon exposure to the atmos- 
phere. Curve (23) gives the spectra of both a pure and an impure sample of 
KOCN. The impurity appears to be KHCO,. 

(4) Zine sulfite. The spectrum of zine sulfite (no. 84) was not reproducible; 
three different spectra were obtained on three different days. The reason for this 
is not known. 

(5) Selenities and selenates. Sodium and cupric selenites (107 and 108) de- 
composed on making the mull. This was also true of cupric selenate (no. 112), 
where the decomposition could be followed visually by a color change from light 
blue to dark brown. It seems to be a reaction with the alkali halide plates, and 
occurs with either CsBr or Csl. The reaction is much less rapid when NaC! plates 
are used. 

(6) Cinnabar (HgS, no. 159 E). This substance has a very strong, sharp band 
at 349cm~!. We believe that the frequency and sharpness of the band indicate 
that the bonds are predominately covalent rather than ionic. If the crystal were 
composed of Hg?* and S8?~ ions, we would expect the infrared absorption to be at 
lower frequency and to be far broader. Indeed, the presence of spiral chains 
(—Hg—S—),, containing covalent bonds has been deduced from an X-ray deter- 
mination of the crystal structure | 14]. 


Characteristic frequencies of the ions 
Several of the ions studied are transparent in the range 700-300 em~!; they 
are NH,*, NO,~, NO,~ and CN 
For many of the other ions characteristic frequencies occur in the CsBr range. 
These are summarized in Table 4 and Fig. 71. Those deduced for only two or 


three examples are, of course, suspect. They have been included because a funda- 
mental frequency of the ion is known to occur in the vicinity, as discussed shortly. 
Bands due to water often cause severe complications. On the one hand they 


L. H. Jonrs, J. Chem. Phys. 27, 665 (1957). 
L. A. Woopwarp and H. F. Owen, J. Chem. Soc. 1055 (1959). 
K. L. Aurivitiius, Acta. Chem. Scand. 4, 1413 (1950). 
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cause extraneous absorptions which could sometimes lead one to suspect an ion 


being present which actually is not. On the other hand water may sometimes hide 
the characteristic bands, as presumably is the case in NaMnO,.3H,O (no. 148). 


Table 4. Characteristic frequencies for inorganic ions, 700-300 em=! 


No. of 
lon Characteristic absorption 
examples 


tetraborate 

carbonate 680-720 (not reliable) 

bicarbonate 7 655-65 (m); 690-710 (s) 

cvanate 

thiocyanate 425-85 (sp doublet, < 30 
separation) 

metasilicate 460-70 (s) 

phosphate ( 540-80 (not reliable) 

dibasic phosphate 530-80 

monobasic phosphate 


615-60 (vs, sp) 


sulfite 


sulfate 580-670 

570-600 (8) 

530-50; 660-90 (s) 

410-30 (8) 

480-510; 615 (both s, sp) 
620-30 (s, sp) 

360-70; 430-50 (both s, sp) 
2-3 bands, 310—400 
370-420 (w, often doublet) 
350-80 (w) 

320-40 (m) 


bisulfate 
thiosulfate 
selenate 
chlorate 
perchlorate 
bromate 
iodate 
chromate 
dichromate 
molybdate 


tungstate 


5 
2 
3 
5 
2 
3 
4 
3 
3 
5 
2 
3 


Doublet, 380-400 (w, not 
reliable) 


permanganate 


ferrocyanide 580-600 

ammonium No absorption, 700—% 

nitrite No absorption, TOO: 

nitrate No absorption, TOO: 
CN cyanide No absorption, 700—: 


weak, m medium, s strong, vs very strong, sp sharp. 


The characteristic frequencies are always fundamental frequencies of the ions. 
These fundamental frequencies, determined in most cases from the Raman spectra 
of aqueous solutions, are summarized in Table 5. Herzpera’s notation and 
numbering have been used [15]. It will be noted that for the WO,?-, SO,?>- and 
S,0,*° ions, some of the fundamentals are not good characteristic frequencies. 


15) G. Herzeerc, Infrared and Raman Spectra of Polyatomic Molecules pp. 271-272. Van Nostrand, 


New York (1945 
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“4 Table 5. Assignments for the characteristic frequencies 
Fundamental Characteristic 
a frequency frequency (Table 4) 
A. Symmetry Ty. 
562 [16] p.151 540-580 
sO, 613 [16] p.151 580-670 
SeO,?- 416 [16] p.151 410-430 
ClO, 628 [16] p.151 620 -630 
cro? 368 [22 370-420 
360 [16] p.151 320-340 
$52 [16] p.151 


380-400 


B. Symmetry v,4(e’) 


680 [16] p.111 6807-20 


C. Symmetry Cy, (XO g). (a) and (e) 


ClO, 613, 479 [16] p.135 615-630; 480-510 
BrO,~ 418, 356 [16] p.135 430-450; 360-370 

) 10, 360, 326 [16] p.135 2-3 bands, 310-400 
632, 494 [17] 615-620 


D. Symmetry (XYO,) 


(a;) ~692 [18] 660-690 
447 
v, (€) 538 530-550 
‘ (e) 339 


E. Symmetry (7) 


[21] 
{19} 425-485 (doublet) 


F. Other 


Cr,0,7-(C,) 365 [20] 350-380 


(16) K. W. F. Kontrauscn, Ramanspektren p. 151. Becker und Erler, Leipzig (1943). Reprinted by 
Edwards, Ann Arbor, Mich 


[17] A. Simon and K. Watpmann, Z. physik. Chem. 204, 235 (1955). 

[18] H. Gerpine and K. Eris, Rec. trav. chim. 69, 659 (1950). 

[19] L. H. Jones, J. Chem. Phys. 25, 1069 (1956). 

(20) H. Stammrercn, D. Bassi, O. and H. Stepert, Spectrochim. Acta 18, 192 (1958). 
21) A. Maxi and J. C. Decius, J. Chem. Phys. 31, 772 (1959). 

23 . Stammreica, D. Bassi and O. Spectrochim. Acta 12, 403 (1958). 
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Comments on assignments of the fundamentals 


(1) MnO,-. The fundamentals of the permanganate ion have not yet been 
assigned. Our results show that vr, (f,) must be about 390 cm~'. 

(2) CrO,?-. Assignments for the chromate ion have recently been revised by 
SramMREIcH ef al. [22] They could not be certain whether the assignment is 
vy, (e) = 348, v, (f,) = 368 or vice versa, but favored the former. Since only 


the f, species is infrared-active, and since the infrared band is observed at 370-420 


in our samples, the first assignment is correct, 

8) Metavanadates and metaborates. The metavanadate ion is not VO,~ as 
the formula implies, but is a tetravanadate, V,O,,*~ [23]. No vibrational assign 
ment has been made. Similarly the metaborate ion is not BO,~. In some salts 
it is B,O,?~, and in others it is an infinite chain (BO,),"~ [24]. 


icknowledgements—The work at Mellon Institute was supported by the United States Atomic 
Energy Commission under Contract A r(30-1)-1993. The writers wish to thank Mrs. N. E. Srp 
and Dr. M. L. Duw~towr of the Wright Air Development Center for their assistance in recording 


some of the infrared spectra used in this study 


23) W. HtcKken, Structural y of Inorganic Compounds pp. 203, 209 Elsevier, Amsterdam (1950) 
24 F. Structural Inorganic Chem stry 492. Oxford University Press (104% 
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RESEARCH NOTES 


Fluorescence spectra of metal chelates 
(Received 21 July 1959) 


Ix a report on the spectral characteristics of certain metal chelates [1] a few of the cases 
cited showed only approximate correlation of absorption and excitation spectra. These 
have been re-examined with the use of the Aminco-Bowman spect rophotofluorometer and 
better correction factors applied. The intensity of the exciting light from 250 m pw to 350 mf“ 
was evaluated with the iron-III oxalate actinometer [2], from 350 to 550 ma» with a Radio 
Corporation of America 7200 photomultiplier tube. and from 550 to 585 m » with a thermo- 
pile (Kipp No. E20) 

In the chemical-actinometer method a 0-006 M solution of potassium iron-I11 oxalate 
(0-1 N in sulfuric acid) was placed in the 1 em fused silica cell of the instrument and exposed 
for 15 min to the radiation from the xenon are through the excitation monochromator. 
During this time the solution was stirred with a stream of carbon dioxide gas. The amount 
of iron-II produced was determined by the standard o-phenanthroline method. This 
procedure in the 1 cm cell gave reproducible results from 250 to 400 mya. At longer wave- 
lengths more concentrated solutions and longer cells were necessary, hence consistent 
results were more difficult to obtain. The spectral response curve of the 7200 photomultiplier 
tube which covered the range from 250 to 580 my» was purchased from the manufacturer. 
This tube has a quartz envelope and the spectral response showed a smooth curve except 
for a minor peak in the 250 to 250 m »# range The radiation from the xenon are was measured 
directly on the 7200 tube. at a distance of 73 cm with the photometer of the instrument. 
Except for the region from 250 to 280 my the 7200 tube and the chemical actinometer 
gave the same results. Since this wavelength region was near the lower limit of the tube 
the chemical actinometer was considered a more accurate measure of the radiation from 
250 to 280 ma. The correction factors from the 7200 tube were considered inaccurate 
above 550 mu and a thermopile was chosen for measurement of the radiation above this 
point 

The response curve of the xenon are measured on the thermopile closely paralleled 
those of the chemical actinometer and the 7200 tube The validity of the correction factors 
is supported by the fact that after correction the quinine sulfate and sodium fluorescein 
excitation curves showed maxima corresponding to their respective absorbance curves. 

The results from these measurements on the chelates showed a very close correlation 
of absorption and excitation spectra in all cases. In the case of the zirconium-—flavonol 
complex the previous results had failed to show an absorption peak at 389 my». This peak 
was shown on the excitation spectra and has now been found in the absorption spectra 
with a Beckman DK1 spectrophotometer and proper concentrations of the chelate (0-5 
umole of flavonol with 2 ~mole of Zr'* in 25 ml). 

The photomultiplier tubes used to measure the emission spectra on the Aminco—-Bowman 
spectrophotofluorometer were evaluated with a standardized 500 W projection lamp. 
Some minor revisions in the original fluorescent band peaks have also been necessary from 


1) C. G. Hatcnarp and C. A. Parker, Proc. Roy. Soc. A 235, 518 (1956). 
2) C. E. Warre, D. C. Horrman and J. 5 Mace, Spectrochim. Acta 9, 105 (1957). 
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Table 1 


these measurements. Table | gives the data from the above measurements on solutions 
containing 4 ~moles of metal ion and 1 «mole of reagent in 25 ml except in the cases of 
the zirconium—flavonol complex which is given above and the lithium-oxine complex. 
The absorption values for the lithium—oxine complex at the two lower wavelengths were 
obtained from 3-25 umoles of oxine and 20 ~moles of Li* in 25 ml and the two higher 


Complex 


Al-morin 
naphthalene-4-sulphonic 


acid, sodium salt 
Al-2:4:2’-trihydroxyazo- 

benzene-5 ‘sulphonic 

acid, sodium salt 
Be—morin 


Be—1:4-dihydroxy- 
anthraquinone 

Be—1-amino-4- 
hydroxyanthraquinone 

Th-—l-amino-4- 
hydroxyanthraquinone 

Zr-flavonol 

B-benzoin 

Li-oxine 


Acidity 
(pH) 


4-63 
4-63 
~ll 
0-2 N H,SO, 


alk.—ethanol 
alk.—ethanol 


Absorption 
band peaks 
(my) 


265, 415-420 


335, 530-565 


270, 350, 480 


280, 320, 430 


545, 580-585 


545, 585 
254, 328, 389 


370 
245, 255, 
323, 340-370 


(shoulder) 


Maximum 

excitation 
wavelengths 
(my) 


265, 415 


330, 545-560 


270, 350, 
485-490 
285, 320, 430 


530-535, 570 
540, 585 
545-560, 585 
265, 330, 390 


365 
365 


Flu rescence 


band peaks 


(my) 


505-510 


630-640 
575-585 
530-540 
585, 630-635 
630-650 
650-660 
460-465 


480 
540 


range. 


accuracy of about 5 my. 
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{1} R. P. E1scnens and W. A. Piiskrx, Advances in Catalysis 10, 1 (1958). 


ones from twenty-five times these concentrations. Because of the limitations of the appara- 
tus and the weak fluorescence of the lithium complex we have reported only one excitation 
However our experiments indicate that 254 my, is a strong excitation point for 
this complex. The excitation and emission values in the table are probably within an 
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C. E. 
M. Ho 


E. Q. WEIMER 


INFRARED studies of hydroxyl groups and adsorbed molecules on solid adsorbents are of 
wide current interest [1]. Solids used to date have imposed serious limitations on such 
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studies. Powders show poor transmission of infrared radiation because of losses from 
scattering and reflection. Pressed disks give improved transmission, but are poorly 
permeated by gases and exhibit changes in surface character Leached borosilicate 
microporous ) glass is mu h better but of restricted interest because of its composition 
Highly porous alumina aerogel, in transparent plates of essentially uniform thickness 
and density. has been successfully used in our laboratories in infrared studies. These 


plates offer de ided advantages in studies of adsorbed molecules at low surface coverages 


Plates from 1 to 5 mm thick give from 16 to 80 mg/« m2 of alumina in the infrared beam 


and transmit #0 per cent or more of the incident radiation at 2-5 4. In white light, they 


are transparent but opalescent For a 2-5 mm thick (40 mg/em*) plate dried in vacuum for 


one hour at 600°C. ty pical transmission values are 


Transmission 92 SS 38 26 


Absorption by hydroxyl groups occurs neal 3700) em !. Decreased transmission below 


1900 em! apparently results from absorption by the alumina 
Plates were made by controlled slow gelation with ammonia vapor of lavers of alumina 


sol floated on a dense, immiscible liquid. The sol (~7 wt alumina) was prepared by 


reacting high-purity aluminum with acetic acid using a slight modification of the procedure 
described by Hearp [2}|. Mercurie oxide rather than mercuric nitrate was used to catalyze 


dissolution of the aluminum. The sol was centrifuged at 30,000 g to remove large particles 
before gelation. Gel plates were converted to an alcogel by immersion in methanol and 
dried to the aerogel by removal of the alcohol above the critical temperature [3 To avoid 
cracking of the plates the gel was allowed to contract freely during preparation, and the 
alcohol was removed slowly and uniformly. The aerogel plates were finally calcined in air 
or oxygen at 600 (‘to remove contaminants 

The calcined alumina has a surface area of about 300 m?/g. as measured by nitrogen 
adsorption; it has been shown by X-ray analysis to be y-alumina. Uncracked plates 5 em 


in diameter have been made, and larger diameters appear possible Although fragile, they 
can be handled with reasonable care and can be formed into regular shapes. They can be 
heated repeatedly to 900°C without loss of transparency or development of cracks. Their 
open-pore structure permits rapid permeation by gases 

Aerogel plates can probably be made by similar procedures from silica, chromia and 
othe solids that can he prepared as clear aquagels J. B. PERI 
Research and Development De partine nt R. B. HANNAN 
Standard Oil Company (Indiana), Whiting, Indiana 


*) L. Hearp, U.S. Pat. 2274634, 8 March (1942); reissue, 22196, 6 October (19042) 
3) S. S. Kistier, J. Phys. Chem. 36, 52 (1932 


Si—H vibration frequency and inductive effects 


(Received 8 Oc tober 195%) 


Abstract—The vibration frequency of the Si—H bond in substituted silanes is discussed in 
terms of the inductive power of the substituent radicals. 

Svirn and ANGELotT! [1] have recently reported values for vibration frequency of the 
Si—H bond vibration in a number of substituted silanes and siloxanes, and have examined 


rl) A. L. and N. C. Spectrochim. Acta 15, 412 (1959). 
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Table 1. Silanes, SiH Ry 2.R,, SiH vibration 


(Groups R, 


Cl, 


br, 2236 8-4 
C,H;Cl, 2212 6-48 
C,H,Br, 2193 6-2 
CH,F, 2227 6-16 
CH,Cl, 2213 5-88 
C,H,Cl, 2206 5-78 
n C,H,Cl, 2206 5°77 
i C,H Cl, 2200 5-7 
(OCH 4), 2203 4-35 
(C,H,) Cl 2168 4-14 
2196 4-05 
C,H,CH,C! 2170 3-54 
(CH,),Cl 2168 2-94 
(C,H,),C1 2153 2-74 
CH,(OC,H,), 2165 2-7 
(CgH5)3 2126 1-8 
2124 1-2 
(CgH,)(CHg)o 2120 0-6 
(CHg)3 2118 0 
(C,H) (CHs) 2103 0-2 
(CyH5)3 2097 0-3 
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Fig. 2. 


its variation with the nature of the groups attached to the silicon atom. For the case of 
simple substituted silanes they have set up an empirical relation between the value of the 
frequency and a new set of “‘electronegativity” values, which reproduces satisfactorily the 
observed frequency shifts for a large number of derivatives. Although such equations are 
useful for empirical use, it would be preferable to interpret the experimental results in 
terms of properties which are equally applicable to other classes of substance, and to other 
physicochemical phenomena. 

In fact, the variation of the Si—H frequency observed can be adequately described in 
terms of the Taft inductive factor o* of the attached groups in the same sort of way that 
has been used for other spectral data [2-4]. In Table 1 the data are collected and in Fig. 1 
the observed frequency is plotted against So*. Although there are deviations. this plot 
is essentially linear. It suggests that in this series of molecules the vibration frequency of 


Table 2 


Group BE a* Group E 


724-8 


Cl 752-8 2-04 C,H, 708-7 0-6 

Br 745-3 2-80 CH, 705-9 0-0 

OCH, 734-4 1-45 C,H, 700-1 0-11 

732-0 1-35 C,H, 699-1 0-1 
7 691-5 


[2) P. J. Krvecer and H. W. Tuompson. Proc. Roy. Soc. A 243, 143 (1957). 
3) P. J. Krvecer and H. W. Taompson. Proc. Roy. Soc. A 250, 22 (1959). 
4) H. W. THompson and D. A. Jameson. Spectrochim. Acta 18, 236 (1958). 


[ 


240 


760 > + + 
| 
| 
E 
720} 
3 
= 
| /| 
| 
0 2 3 
ao 
VOL. 
16 
760-8 3-08 H 0.49 
3 
|_| 


Research notes 


the Si—H bond is controlled by inductive effects, and mesomeric influences play little 
part, as indeed might be expected in this case. The deviations are probably no greater than 
could be expected from the approximated-by-rough rules suggested by Taft. Indeed, it is 
increasingly evident that spectral data of this kind may provide a better method of refining 
the Taft o* values than chemical kinetic data themselves. 

The spectral data on compounds containing the SiH, group, though less numerous, can 
be interpreted in a similar way. SmirH and ANGELOTTI drew attention to the complex 
relation between their E-values and the Gordy electronegativity values. By contrast, the 
present argument reveals a direct relation between EF and o*, shown in Table 2 and Fig. 2. 
Since the £-values refer only to the substituted silanes, they may be regarded as of less 
general significance than the Taft o* values. For the simple tri-substituted silanes, the 
following equation is roughly applicable: 

v(Si—H) = 2106 + 17-5 So* 
It may now be desirable, however, to refine certain o* values. 
It is hoped shortly to report other measurements on the effect of solvents upon the 
Si—H vibration frequency in some of these compounds. 
H. W. THompson 


Physical Chemistry Laboratory, 
Oxford 


The infra-red spectrum and the structure of ethylenediamine dihydrochloride 


(Received 14 October 1959) 


THE infra-red spectrum of crystalline ethylenediamine dihydrochloride is simple in type 
and, because of the structural similarity of the ion (NH,CH,CH,NH,)** with n-butane, 
CH,CH,CH,CHsg, it should be possible to make an assignment of the observed absorption 
bands to the fundamental vibrations on this basis. Solid n-butane has the trans-configura- 
tion and an almost complete assignment of the observed infra-red absorption and Raman 
spectrum, from 1500-700 cm~', has been made by Brown ef a/.{1] The Raman spectrum 
has previously been determined in the solid state and discussed by Szasz et al. [2]; the 
infrared spectrum was studied by Axrorp and Rank [3]. The simplicity of the spectrum 
of (NH,CH,CH,NH,)** shows that the ion takes up the trans-configuration. 

Additional information on the spectrum of ethylenediamine dihydrochloride is obtained 
by converting the NH, groups to ND,, in order to identify vibrations primarily associated 
with the NH, group. Spectra observed for the two compounds in Nujol and hexachlor- 
butadiene dispersions are shown in Fig. 1. 

Table 1 shows the absorption frequencies observed, together with those for crystal- 
line n-butane, with a probable assignment of the absorption bands to the fundamental 
vibrations. 

The assignment of frequencies made in Table 1 seems to be a reasonable interpretation 
of the effect of the deuteration of the NH, groups, but it is notable that the skeletal stretch- 
ing vibration at 1083 cm~! shows a marked shift to higher frequency on deuteration: such 
an effect must result from the interaction of this vibration with the other ONH, (OND,) 


fl] J. K. Brown, N. SuHeprarp and D. M. Simpson, Discussions Faraday Soc. No. 9, 261 (1950); Phil. 


Trans. Roy. Soc., London 247, 35 (1954). 
{2] G. J. Szasz, N. Suepparp and D. H. Rank, J. Chem. Phys. 16, 704 (1948); D. H. Rank, N. SHEPPARD 


and G. J. Szasz, J. Chem. Phys. 17, 83, 86 (1949). 
[3] D. W. E. Axrorp and D. H. Rank, J. Chem. Phys. 17, 430 (1949); Zbid. 18, 51 (1950). 
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Fig. 1. Infra-red absorption spectrum of ethylenediamine dihydrochloride (full line) and 
its deutero derivative (broken line). 


mode of the same symmetry class. There seems no doubt that the band at 1083 cm~ is 
the skeletal vibration, and the bands at 1030 and 1003 cm~! must therefore be associated 
with the two 6NH, rocking vibrations. In the deutero derivative it is difficult to identify 
the band corresponding to that at 1003 cm and it is possible that the assignments of the 
bands at 848 and 759 cm~! should be reversed. 

The absorption bands at frequencies greater than 2000 cm~ are mainly due to CH and 
NH (or ND) stretching vibrations, but the strong hydrogen bonding leads to a very broad 
band with many sub-maxima. In the ethylenediamine dihydrochloride itself, a band of 


Table 1. Infra-red active absorption frequencies (em™!) of trans-ethylenediamine 
dihydrochloride and n-butane 


ethylenediamine | deutero 
dihydrochloride | derivative | 


vH/yD 


n-butane 


2044 m 
6CH, bend 1461 s 6CH, bend 1486 m 1488 m 
éCH, asym A, (1461) ONH, asym 1599 s 1298 m 
OCH, sym 4 1382 s ONH, sym 1500 s 1170 m 
éCH, wag 1350 w OCH, wag 1359 v.w. ? 
6CH, twist j 1299 6CH, twist 1342 m 1343 m 
965 w | »skeletal 1083 s 1153 6 (0-94) 
rock 951 s ONH, rock 1030 s 759 s 1-36 
éCH, rock 984 ONH, rock 1003 m ? ? 
6CH, rock 732 éCH, rock 815 m 848 m (0-96) 


1442 w* 


Unassigned 880 w 
absorption 969 vw 
peaks 952 vw 


* This band is almost certainly due to the 6NH vibration of the NHD, group, since it is much 
stronger in samples in which deuteration is less satisfactory. 
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medium strength at 2044 cm~ is observed; it is clearly the counterpart of the band about 
this frequency found for C—NH,* groups in general [4]. It is probably to be assigned to a 


combination frequency involving two NH, rocking modes. 


Experimental 


The sample of ethylenediamine hydrochloride was obtained from Messrs. Hopkins & 
Williams Ltd., and recrystallized twice from water. The compound containing ND, 
groups was prepared by repeated evaporation of the salt with D,O in vacuo over P,O 
The product was finally recrystallized from 99-97°, D,O. 

Infra-red spectra of the samples in Nujol and hexachlorbutadiene dispersions, were 
obtained using a Hilger H 800 spectrometer. 


5° 


Acknowledgement—Thanks are due to Imperial Chemical Industries Ltd., for the gift of the 
deuterium oxide used in this work. 


D. B. Powe. 
Sir John Cass College, 


Jewry Street, London, E.C.3 


[4] R. D. Watpron, J. Chem. Phys. 21, 734 (1953). 
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BOOK REVIEWS 


A. Porte, W. G. Scuremer and H. J. Berxsrerm: High Resolution Nuclear Magnetic 
Resonance. Me(iraw-Hill, New York, 1959. 495 pp., $13.5. 


THe observation by Lixpstrom and by THomas in 1950, and by Arno_p, DHarMatti and 
PACKARD in 1951 that the proton resonance spectra of different chemical substances occur at 
different frequencies in the same applied magnetic field stimulated the development of so-called 
high-resolution nuclear magnetic resonance, which in 9 years has become a technique of great 
importance in Chemistry. Those of us who are interested in applying these methods to chemical 
problems owe a debt of gratitude to the authors of this book for producing at this early stage 
such a comprehensi e and authoritative work 

In Part I the principles and theory of n.m.r. as applied to liquids are described, and in Part I 
the chemical applications are illustrated by many examples 

The theory of magnetic resonance is developed in enough detail to allow all the phenomena 
likely to be encountered in high-resolution spectra to be discussed, but less mathematical 
introductory sections are also included for those reading the subject for the first time. Clear 
and detailed accounts are given for the analysis of the complex spectra which often occur when 
spin-spin coupling constants and chemical shifts are of comparable magnitude for cases up to 
five nuclei. The present state of the theories of chemical shifts and of spin-spin coupling 
constants is described in detail in two very illuminating chapters. The theories of spin lattice 
relaxation are described in Chapter 9 and in Chapter 10 the theories of various time-dependent 
factors such as chemical exchange, quadrupole effects, etc., on signal shape are described. 

A brief description of the experimental methods is followed by a detailed discussion of the 
important factors which must be considered in obtaining accurate measurements, such as the 
effects of saturation, and of the bulk susceptibilities of the samples 

Part II is an exhaustive complication of chemical applications, classified and discussed in a 
critical and constructive manner. Chapters are included on structure correlations, hindered 
rotation, hydrogen bonds and solvent effects, equilibria and on quantitative analysis. In 
Chapter 12 the available work on nuclei other than hydrogen is summarized. 

The spectra of a great many compounds are described and illustrated. The quality of the 
spectra varies a great deal and in many cases no abscissa calibration is given. It is particularly 
unfortunate that no agreement exists on even the most important and elementary principles of 
the presentation of high-resolution spectra, 80 that spectra are very difficult to compare. This, 
of course, arises from the very rapid development of this subject and emphasizes the early 
stage at which this important book has appeared. 

R. E. Ricwarps 


LANDSBERG et al.: Determination of the Individual Composition of Straight Run Gasolines. 


Academy of Sciences of the U.S.S.R., 1959. 363 pp., 22 roubles. 


Tuts book, in Russian, is a manual on the analysis of straight-run gasolines. The gasoline is 
first fractionated by conventional distillation techniques. Further separation is obtained by 
passage of the fractions through silica gel columns to remove the aromatics. The cyclohexanes in 
the paraffin naphthene portions are dehy drogenated over an Fe—Pt cataly st to the corresponding 
alkylbenzene and the latter separated by silica gel. Final high efficiency fractionations give cuts 
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which are analyzed for individual components by Raman spectroscopy. The reasons given for 
choosing Raman over infrared are: 

(1) The resolution is higher for Raman than for infrared instruments. 

(2) Raman spectroscopy requires simpler instrumentation than infrared. 

(3) It is too much trouble to prepare standard hydrocarbons which can be sent to the 
individual laboratories to standardize different instruments. Hence, it is necessary to compile 
a table of band positions and intensities which can be used by all laboratories. The authors 
state that they have found it possible to specify operating conditions for Raman spectroscopy 
so that peak intensity data are transferable, but that they have been unsuccessful in doing the 
same for infrared. 

(4) For mixtures of hydrocarbons there is a linear relation between the intensity of a Raman 
band and the concentration of the particular component. However, for infrared, Beer's law 
cannot be assumed to hold and must be verified for each particular mixture. 

The techniques used for obtaining the Raman spectra and general instrument specifications 
are presented. Considerable attention is paid to the determination of intensities photographic- 
ally; photoelectric recording of spectra is not considered, presumably because photoelectric 
instruments are not standard laboratory items. Tables of the Raman spectra of 317 hydro- 
carbons excited by high-pressure mercury lamps (4358 A line) and detected photographically 
with an entrance-slit width of 6 cm! are included. The intensities in the tables are to be used 
by the laboratories in the analysis of mixtures. The accuracy of these analyses is stated to 
vary from 5 to 10 per cent for aromatics to 15-30 per cent for normal paraffins, where the particular 
component forms 25 per cent of the mixture. The minimum detectable concentrations are 
1-2 per cent for aromatics and 10-15 per cent for normal paraffins. 

The complete dependence on Raman spectroscopy as a quantitative tool seems a little 
unusual when it is considered that the analysis of hydrocarbon mixtures has been accomplished 
with greater accuracy and speed elsewhere by the use of mass spectrometry, infrared and 
ultraviolet spectroscopy. Recent developments in gas-liquid partition chromatography and 
its combination with the above-mentioned spectroscopic techniques have provided still more 
powerful analytical techniques. Raman spectroscopy can solve some problems difficultly 
soluble by these other means; but its general value, relative to these, has so far been rather 
slight. 

The Raman techniques discussed are also outmoded for quantitative applications. For 
example, the tables contain only peak intensities of the bands. This means that it is impossible 
to set up an analytical matrix for a given mixture and that it is necessary to separate visually 
the contributions of overlapping bands. In addition, there is no discussion of the effect of the 
refractive index of the solution on the intensity; and the treatment of the effect of slit width 
and exciting-line width on observed band width is inadequate for current instruments. 

The book is of use for anyone making vibrational assignments; but for those interested in 
quantitative analysis, it has little value. 

D. G. Rea 


Advances in Spectroscopy (Edited by H. W. THompson). Interscience, New York, 1959 372 pp. 


Spectroscopy has advanced so rapidly in the past twenty years that it is no longer possible 
for any spectroscopist to keep in proper touch with all the current developments outside his 
specialist field. He must however try to do so, not only because of the unifying interest in atomic 
and molecular energy levels that runs through all branches of spectroscopy, but also because 
cross fertilization is one of the most important ways in which new ideas and new techniques 
originate. The only solution to this problem is the provision of really authoritative reviews by 


specialist authors covering the various pure and applied fields. The present volume is designed 


as the first of a comprehensive series in which this will be done and it is intended that in time 
all applications in physics, chemistry, biology, astrophysics and meteorology will be covered. 

The first volume sets a very high standard. It includes articles on the spectra of free radicals 
(Ramsay), the vacuum U.V. (Price), the refractive index of air and the velocity of light (RANK), 
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high resolution Raman spectroscopy (STorcuerr), 1.R. detectors (Moss), the I.R. spectra of 
polymers (ELLIoTT) and rotat: nal isomerism about C—C bonds (Suerrarp). Some of these 
topics such as the spectra of polyatomic free radicals and high-resolution Raman spectroscopy 
are comparatively narrow fi lds so that it is possible for the authors to refer to almost every 
worthwhile paper in the field, as inde d thev do. Even on the rather older topic of rotational 
isomerism Dr. SHEPPARD manages this, although he has to quote over 200 references to ¢ nable 
him to dose. In other topics, however, the field is so wide that some selection has had to be made 
and different authors have tackled the problem in different ways Price, in an excellent account 
of the vacuum U.V., has concentrated primarily on recent deve lopments, whereas ELLIOTT with 
the still wider Lop ifthe IL.R spectra ot polyn ers has chosen to deal mainly with the fi lds of 
his own special interests, dichroism, crystallinity and polypeptides. However, any deficiencies 
in the treatment of other aspects of polymer work are fully made good by the provision of an 
eighteen-page classified bibliography of papers in this field which have not been dealt with in 
the text itself. Although this review is unique in this respect, all the bibliographies in this 
book are uniformly good and comprehensive so that apart from the value of the articles them- 
selves they provide an invaluable source of recent references. 


Altogether this is a book which all spectroscopists will wish to have regardless of whether 


or not the particular topics de alt with in this first volume refer to their specialist interests. It 


is well produced, in clear type, and well illustrate d. I myself learnt a great deal from it and I 
hope to learn a great deal more from future volumes. I have no doubt that others will do so 
too. It is usual for reviewers to conclude by referring to errors and misprints in the text as this 
shows that they have genuine ly read the book. I have to re port either that the standard of 
editing was high or that the standard of this aspect of reviewing was low, as I could detect only 
one, the mis-spelling of Manneback” on p. 938. 

L. J. BELLAMY 
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ANNOUNCEMENT 


Seventh Ottawa Symposium on Applied Spectroscopy 


THE Seventh Ottawa Symposium sponsored by the Canadian Association for 
Applied Spectroscopy is to be held in Ottawa on October 3—5, 1960. Tentative 
arrangements have been made with the Coblentz Society to co-sponsor an infra-red 
symposium for one day of this period. 

Papers are invited for presentation on the subjects of applied spectroscopy 
including emission, ultra-violet and X-ray work in the field of instrumental 
analysis. 

Titles and brief abstracts of papers should be submitted before June 15th, 1960 
to Mr. C. R. Lanepon, Program Chairman, Aluminum Company of Canada, Ltd., 
Arvida, Quebec. 


ERRATUM 


Vou. 15 (1959): On the plate facing p. 846 the half- 
tone figures should be interchanged, i.e. the lower 
figure is Abb. 2 and the upper figure Abb. 3. 
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Hollow-cathode discharges—the construction and characteristics 
of sealed-off tubes for use as spectroscopic light sources 


W. G. Jones and A. WaLsH 
Division of Chemical Physics, CSURO, Chemical Research Laboratories 
Melbourne, Australia 


(Received 7 November 1959) 


Abstract—The difficulties generally associated with the construction of sealed-off hollow-cathode 
discharge tubes are shown to have been exaggerated, and various designs of tube having life- 
times upwards of 30 A hr are described. The lifetime of such tubes is limited by clean-up and not 
by outgassing. 


THE use of hollow-cathode discharges as light sources in spectroscopic investigations 
was first described by PascueEN [1] in 1916. Since that time this type of source 
has been widely used in applications requiring sharp spectral lines, and particularly 
in investigations of the hyperfine structure of atomic lines. For such work the 
usual practice is to use a vacuum circulating system in which any impurities due 
to outgassing are continuously removed by appropriate traps. Full details of 
such systems have been given by ToLansky [2]. 

Until recently it has been generally accepted that the preparation of satisfactory 
sealed-off tubes was not possible since it was considered that outgassing would 
prevent proper functioning of the discharge. In 1952 DieKE and Crosswutre [3] 
reported that activated uranium was such an efficient getter that it permitted the 
construction of sealed-off iron hollow-cathode tubes, having a long life, and they 
later gave a detailed report of the preparation and properties of such iron tubes [4]. 
It was later reported by RusseE.u ef al. [5] that satisfactory sealed-off tubes, 
covering a wide variety of cathode materials, could be made using zirconium or 
tantalum as a getter, and that this could conveniently be in the form of a cylinder 
which also served as the anode of the tube, the getter being heated by reversing 
the polarity of the discharge. 

During the past 6 years we have made many types of sealed-off tubes for use 
in atomic absorption spectroscopy and we hope this report of our experiments 
will be of value to other workers wishing to make similar tubes. Our aim has been 
restricted to the production of tubes which will be satisfactory as sources of atomic 
resonance lines for use in atomic absorption spectrochemical analysis and we do 
not claim that the sealed-off type of tube we have developed can replace those 
connected to a vacuum-circulation system for all purposes, particularly for hyper- 
fine structure studies. However, our experience indicates that the difficulties 
generally associated with the production of sealed-off tubes have been unduly 


{1] F. Pascnen, Ann. Physik. 50, 901 (1916). 

[2] S. TOLANSKY ° High Resolution Spe ctroscopy. Methuen, London (1947). 

[3] G. Drexe and H. M. Crosswuire, J. Opt. Soc. Am. 42, 433 (1952). 

[4] H. M. Crosswuire, G. H. Drexe and C. 8. Lecancevr, J. Opt. Soc. Am. 45, 270 (1955). 
[5) B. J. J. P. SHevton and A. Watsu, Spectrochim. Acta 8, 317 (1957). 
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exaggerated, since we have found that the life of such tubes is usually limited by 
clean-up rather than by outgassing. 


Processing of tubes 

The processing treatment for all the designs discussed was the same and is 
described below. 

A pumping station of conventional design is used in the processing of the tubes, 
and consists of a two-stage diffusion pump, with Silicone 702 as a pump fluid, 
backed by an Edwards Hyvac mechanical pump. 

Initial evacuation of the tube is accompanied by vigorous torching of the tube 
and system back to the liquid-air trap. When a satisfactory vacuum has been 
attained, the tube is isolated by means of a stopcock and the appropriate spectro- 
scopically-pure rare gas admitted from storage flasks attached to the system. The 
pressure of this gas is slowly increased until a hollow-cathode discharge is formed 
(approx. 2mm Hg). This pressure is measured with a differential manometer, 
using Silicone 702, and forming part of the system. 

The discharge is operated at the highest current possible without risk of 
melting the cathode. The discharge is then switched off and the tube rapidly 
evacuated whilst the cathode is still hot. At a certain pressure, characteristic to 
the cathode material and tube geometry, profuse sputtering occurs, and advantage 
can be taken of this to effect a rapid cleaning of the surface of the cathode. A 
power pack delivering 500 mA d.c. at 600 V is satisfactory for this work. This 
process of filling, running and pumping is continued until there is no sign of 
molecular spectra in the radiation emitted by the lamp. A simple pocket spectro- 
scope is used for this inspection. With easily oxidizable metals, such as aluminium 
and calcium, there is usually erratic discharging over the surface of the cathode 
and conditioning is continued until a steady discharge is obtained. The anode 
surface is also cleaned by running the tubes with reverse polarity. 

Processing of a tube may take up to 6hr, and be attended by six or more 
flushings with clean gas: this time is governed by the cathode material and the 
temperature to which it can be raised by bombardment. The tube is finally filled 
to the maximum pressure at which a uniform glow within the cathode is obtained 
and the tube sealed-off. Several tubes can, of course, be conditioned at the same 
time. 

Whilst induction heating of the cathode is useful for speeding up the outgassing 
process, it is still necessary to condition the cathode with the discharge which 
usually liberates further gas from the cathode even after pumping and baking. 
The use of an induction heater as described in an earlier paper [5] is certainly not 
essential. 

Choice of filler gas 

As regards maximum spectral intensity for a given current our experience is 
in agreement with Crosswuirte et al. (4) who found neon to be the most favourable 
of the rare gases for iron hollow-cathodes. Neon is also convenient in that most 
of its spectrum lines are in the red and do not interfere with the resonance lines of 
metals, most of which are in the blue and ultra-violet regions of the spectrum. It 
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has, however, the serious disadvantage that it cleans up much more rapidly than 
argon and in terms of long tube-life argon is to be preferred. In general, if we are 
using a monochromator to select a given resonance line, we prefer to use an argon- 
filled tube. However, if it is desired to use interference filters, which may have 
spectral band widths of the order of 100 A, the argon lines in the blue may prove 
troublesome—as, for example, when it is desired to isolate the Ca line at 4226 A. 
In such cases neon is preferable. 


Design of tube 


As reported previously [5], our original design of tube followed closely that of 
DrekeE and CrosswHiTeE [3] except that we used a zirconium or tantalum getter 
instead of activated uranium. This design has proved generally satisfactory but 
has the disadvantage that it is somewhat bulky and we eventually substituted 
the simpler and more compact design (described previously [5]) in which a zirconium 
or tantalum anode serves as the getter. 

Operation of a closed system comprising hollow-cathode tubes and manometer 
showed that the life limitation in general was due to clean-up and therefore no 
improvement in the vacuum technique will improve the situation. Since the 
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Fig. 1. Diagram showing construction details of a simple hollow-cathode. 


clean-up is associated with the phenomenon of sputtering, which is itself responsible 


for the hollow-cathode discharge, it seems unlikely that matters can be improved 
by changes in electrode design or in gas pressure. Fortunately our experience is 
that the lifetime of a tube increases rapidly with increases in tube volume. For 
example, increasing the volume from 75 em* to 250 cm® increases the life from 3 
to more than 50 A hr, and further increases in volume may give a corresponding 
increase in life time. 

Since clean-up rather than outgassing limits the lifetime of the tube we have 
dispensed with the getter and use the construction shown in Fig. 1. In this type 
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the cathode is pinched on to the tungsten leads, thus greatly simplifying the 
construction. We regard the dimensions and volume (150 cm*) of the lamp shown 
in Fig. 1 as being the minimum necessary if a long life is required. When a u.v. 
transmitting window is necessary, Corning glass no. 9741 is sealed directly to 
C9 or W1 glass. Tubes in which a fused silica window is cemented to the body of 
the tube by black wax have also proved satisfactory. They have the disadvantages 
that more care and time is required in flaming the tube. 

Another design which is convenient for many purposes is shown in Fig. 2. In 
this type of tube the two electrodes are of identical size and shape and either can 
act as the cathode simply by altering the polarity. A further advantage of this 
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Fig. 2(a). Diagram showing construction details of a double-cathode tube. 


design is that the tube can be powered by a.c. since light from either electrode can 
be viewed without obstruction by the other. It will be appreciated that some 
metal vapour sputtered from one electrode will eventually be deposited inside the 
other so that this type of tube should not be used where the pure spectrum of the 
material of one cathode is required. This type of design can be extended to 
incorporate several electrodes, any one of which can be made the cathode. Such 
a tube is shown in Fig. 3. 

It is, of course, possible to provide the spectra of several elements by making 
one electrode of an alloy of the various metals, or by making a cathode consisting 
of sections of different metals. The disadvantage of this procedure is that there 
may be preferential sputtering, and it often happens that this type of tube takes a 
long time to reach equilibrium conditions. With a brass hollow-cathode, for 
example, the tendency is for the cathode to become completely covered with a 
sputtered layer of zinc. In terms of reaching rapid equilibrium the use of cathodes 
of pure materials is desirable. 

We have now made a wide variety of hollow-cathode tubes including those 
with cathodes of Ag, Al, Au, Bi, C, Ca, Cd, Cr, Cu, Fe, Hf, Ir, Mg, Mn, Na, Ni, Pb, 
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Fig. 3. Photograph of a multi-cathode tube 


Fig. 2(b). Photograph of double-cathode tube 


4, 
ae 
4 
\\ AVA 
\ 
» \ / 
\ 


\ 
16 
19060 


Hollow-cathode discharges 


Pt, Sb, Ti, V, Zn and Zr. Our experience indicates that satisfactory sealed-off 
hollow-cathode tubes could be made for any metal. Some elements, however, 
require special techniques, none of which is difficult. These are discussed below. 


Metals of low mechanical strength 

Examples of these are Pb, Cd, Sb and Bi. Cathodes of these metals easily 
deform or break as the cathode warms up. The difficulty is overcome by melting 
some of the metal in the bottom of a hollow-cathode of another material or by 
using a liner. For low melting-point metals aluminium is a suitable container since 
it has a simple spectrum. 


Easily oxidizable metals 

Ca is an example. The preparation of a calcium hollow-cathode is perfectly 
feasible provided the cathode is kept under oil during the machining process. The 
washed electrode is then placed in the tube which is evacuated without delay. 
Some oxide skin is still formed and the tubes take a little more conditioning than 
others of other metals. Sealed-off calcium tubes, however, operate satisfactorily 
and we have found little difficulty in making such tubes with a lifetime of 50 A hr. 


Reactive metals 


Na is an example. Sodium hollow-cathodes can be readily made by placing 


a sodium salt in a cathode of any material, such as aluminium or graphite, having 
a simple spectrum. 
Characteristics 

As stated earlier, our interest in sealed-off hollow-cathode tubes has been 
primarily concerned with their use in atomic absorption spectrochemical analysis. 
The general requirement for such work is that the line widths of the resonance 
lines emitted by the hollow-cathode tube be much smaller than the width of the 
absorption line of flames. Since the line widths in the flames whose absorption 
we wish to measure are of the order of 0-03 A, our requirement is for hollow- 
cathodes emitting lines of less than 0-01 A half-width. 

A good test of the performance of the tube is to measure the absorption of such 
flames at varying tube currents. Owing partly to increased temperature, and 
therefore increased Doppler width, but mainly to increased self-absorption, 
the absorption will decrease with increasing current. A good indication that the 
line-width is satisfactory is when the absorption no longer increases with further 
decrease in current. 

It is known [6] that in sealed-off tubes of the type described here there is a 
considerable amount of sputtered vapour between the cathode and the viewing 
window, so that there can be considerable self-absorption. In this respect this 
type of tube is no doubt inferior to those tubes which are used in conjunction with 
a closed circulating system, in which the flow of gas inhibits the migration of 
metallic vapours away from the cathode. 

When it is desired to make absorption measurements on media which have 


(6) B. J. and A. Spectrochim Acta 15, 883 (1959). 
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absorption-line half-widths of the order of 0-01 A. such as an atomic vapour at 
room temperature and low pressure, the present type of tube is not adequate and 
some form of cooling is necessary. A convenient form of construction is shown in 


Fig. 4. The cathode material is in the form of a metal line which fits snugly into a 
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Fig. 4. Diagram showing construction details of a low-temperature hollow-cathode tube 


Kovar cathode. The re-entrant type of construction is necessary to prevent the 
sputtered layer which forms on the wall of the tube from acting as an auxiliary 
cathode. a trouble which otherwise occurs for metals such as cadmium which are 
copious emitters, even at low temperature. 

For some applications it would appear to be advantageous to view the discharge 
through a slit in the wall of the cathode. This could be expected to reduce self- 
absorption and have the further advantage of reducing the intensity of the rare 
gas spectrum relative to that of the metal. 


Summary and conclusions 
Our experience over the past 6 vears indieates that there is little difficulty in 
preparing sealed-off hollow-cathode tubes for most metals. No elaborate pumping 
or gettering system is required and the lifetime of the tube is limited by clean-up 
and not, as appears to have been generally accepted, by outgassing. The lifetime 
of the lamp increases rapidly with volume and the latter should be not less than 
250 em? if lifetimes of more than 50 A hr are desired. 


Acknowledgement —We are indebted to Mr. D. A. Davies for much valuable advice and assistance 


throughout the course of these investigations. 
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Abstract 


which is adequate for many analytical requirements. 


A description is given of a simple single-beam atomic absorption spectrophotometer 


A DOUBLE-BEAM atomic absorption spectrophotometer and its application to the 
chemical analysis of solutions has been described previously by Russe. et al. {1}. 


In this paper we describe a much simpler single-beam apparatus which is adequate 


for many purposes. Its application to specific analytical problems has already 


been described [2—4] and the present description is written in response to requests 


from many laboratories wishing to use similar equipment. 


Apparatus 


The apparatus is shown in Fig. 1. Modulated radiation from a hollow-cathode 


light source passes through a flame into which is sprayed the solution for analysis, 


and the appropriate resonance line from the light source is selected by means of a 


monochromator. The absorption of the resonance line by the flame is measured 
by means of a photomultiplier tube, the modulated output of which is passed to 
an a.c. amplifier, the rectified output of which is read on a d.c. milliameter. The 


various components are described below. 


Light source 

A full discussion has been given elsewhere [5] of the construction of the various 
types of hollow-cathode tubes which are suitable for this work. The circuit for 
the power supply is shown in Fig. 2. It consists of a conventional rectified unfiltered 


supply capable of being switched from full-wave to half-wave rectification. No 


load output voltage is 800 V. Lamp current can be varied from 5 mA to 100 mA 


by means of coarse and fine controls. The unit is fed from a stabilized 230 V, 50 e/s 
supply capable of holding the line voltage constant to within + 0-25 per cent for 
mains changes of +10 percent. The tube could, of course, be powered by a.c. 


since any one electrode is luminous only when it is the cathode. The disadvantage 
of such a system is that the lifetime of the tube is reduced. 

There is no difficulty in making sealed-off hollow-cathode tubes [5], and we 
have used tubes of Ag, Al, Au, Bi, C, Ca, Cd, Cr, Cu, Fe, Hf, Ir, Mg, Mn, Na, Pb, 
Pt, Sb, Ti, V, Zn and Zr. 


. J. P. SHevron and A. Waxsn, Spectrochim. Acta 8, 317 (1957) 
2 Davip, Analyst 83, 655 (1958). 

$ Davip, Analyst 84, 536 (1959) 

4) J. B. Wiis, Nature 184, 186 (1059); Spectrochim. Acta 16, 259, 273 (1960). 
5 Jones and A. Wa.su, Spectrochim. Acta 16, 249 (1960). 
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Fig. 2. Cireuit diagram of power supply for hollow-cathode lamp. 
I 


For some elements, e.g. Na, K, Rb, Cs, laboratory discharge lamps such as 
the Wotan spectral lamps supplied by Osram are suitable light sources. The 
power-pack for such lamps consists only of a variable choke in series with the 


mains supply, the lamps being under-run in order to minimize self-absorption 
and self-reversal. 


Atomizer 

Any of the flames used in emission flame photometry can be used as an atomizer. 
We have found it convenient to use a modification of the Meker-type burner 
supplied with the EEL flame photometer. For use with air and coal gas the only 
modification is the provision of a series of burner heads, of lengths from | to 4 in. 
in which all the perforations are in one row instead of in two rows, as in the standard 
model. We use an air pressure of 20 Ib/in®, the air flow being 61/min and the gas 
flow 3 1/min. 

For use with air—acetylene to give a Lundegardh type of flame the entry-port 
used for coal-gas is replaced by a small jet, and the burner head is of the fishtail 
variety. For use with long burners up to 10 cm the atomizer is replaced by one 
with a bigger bore which is necessary to provide sufficient air-flow without requiring 
unduly high pressures. This modification is due to our colleague Dr. J. B. WILLis 
'4] who has reported its application elsewhere. 


Monochromator 

For the isolation of the resonance line the resolution required obviously varies 
for different elements. A resolution of the order 1 A is desirable for elements such 
as the transition metals, whereas a simple absorption filter is adequate for isolating 
the resonance lines of the alkali metals. For general work we have used a Beckman 
DU monochromator and this or other instrument of similar performance meets 


most requirements. 


Detectors 
The detectors used are RCA 1P28 (ultra-violet and visible) and 1P22 (red and 
near infra-red). 
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Fig. 1. Photograph of an atomic absorption spectrophotometer showing hollow- 
cathode light source, flame, monochromator and detector. The power pack on the 


left supplies the hollow cathode and the unit on the right contains the photo- 


multiplier power supply, a.c. amplifier, rectifier and output meter, 
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Photomultiplier and a moplifier 

The circuit of the stabilized power supply for the photomultiplier and the 
associated amplifier is as shown in Fig. 3. The e.h.t. is variable in two ranges 
from 400 to 850 V d.c. and from 800 to 1200 V d.c. at 1 mA load current. tipple 
content is less than 15 mV r.m.s. and the output voltage varies less than 15 mV 
for +10 per cent mains input change. 

The signal from the photomultiplier is passed to the a.c. amplifier. The amplified 
signal is rectified and displayed on the output meter. Diodes are included in the 


feedback network to give a linearity of within +1 per cent. Input signals of 
5 10-* A or 15 mV r.m.s. give full-scale deflexion on the indicating meter when 


coarse and fine gain controls are set to maximum gain. Noise level is less than 
| per cent f.s.d. with the input circuit open. 

Damping of the meter movement can be effected with the response control. 
The set-zero control permits backing-off of unwanted signals due to photomultiplier 
noise. Provision has been made for connecting a 10 mV recorder to the output. 


Performance 

The performance of this type of apparatus in various types of analytical work 
has been described elsewhere [2-4]. The main limitation of the apparatus arises 
from fluctuations in the light source which prevent the absorption being measured 
to an accuracy of better than +} per cent. These fluctuations cannot be removed 
simply by using more stable power supplies and we are at present developing simple 
methods for monitoring the light source. The present apparatus, however, is 
sufficiently accurate for most analytical applications and is certainly adequate 
for exploring the possibilities of the atomic absorption method in chemical analysis. 

The apparatus can also be used in emission flame photometry simply by placing 
a chopper between the flame and the entrance slit of the monochromator. 
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Abstract—The calcium content of blood serum can be accurately determined on 0-1—0-25 ml 
samples by atomic absorption measurements in an air—acetylene flame after removal of the 
proteins by coagulation and centrifuging. A fairly accurate value can be obtained more quickly 
from direct measurements on serum diluted with water, which may with advantage contain 
about 1 per cent of the disodium salt of ethylenediaminetetracetic acid. 

Serum calcium values obtained by atomic absorption spectroscopy are significantly higher 
than those obtained by the standard oxalate-permanganate procedure and support the con- 
clusions of MacIntyre [3] on the shortcomings of the chemical method. 


Introduction 

THE existing methods for the clinically important determination of calcium in 
blood serum are all to some extent unsatisfactory. The classical method is that of 
KRAMER and TispALL [1] as modified by CLark and Couuip [2], and involves 
precipitation of the calcium as oxalate followed by repeated centrifuging, draining 
and washing; a solution of the precipitate in sulphuric acid is then titrated with 
0-01 N permanganate solution. This method is tedious, the reproducibility of 
the results depends on the exact way in which the operations are performed, and 
owing to the appreciable solubility of calcium oxalate in the wash liquid the results 
tend to be too low [3]. Methods involving titration with ethylenediaminetetracetic 
acid or with murexide yield results which are lower than those obtained by the 
oxalate—permanganate method [4, 5]. 

Most of the flame photometric methods require: prior removal of the protein 
by precipitation [3, 6, 7] or ashing [8, 9]; or separation of calcium by precipitation 
as its oxalate [10]. A few methods have been devised for measurement on directly 
diluted serum [11-13], but most of these involve use of the oxyacetylene flame, 
which is very noisy and in unskilled hands can be dangerous. The accuracy of these 
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I. MacInryre, Rec. trav. chim 74, 498 (1955); Biochem. J. 67, 164 (1957). 
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direct methods has been questioned by TELon [14], who has developed a method 
in which interferences are largely eliminated by measuring the emission of diluted 
serum, in an oxyhydrogen or oxyacetylene flame, relative to that of a serum 
whose calcium content has been determined by some other method [15]. The 
accuracy of TeLon’s method is likely to be impaired, however, if the sodium, 
magnesium or phosphate concentrations differ markedly in the unknown and 
reference sera. Flame photometric methods in general vield results about 4 per cent 
higher than those obtained by the oxalate—permanganate method [4, 15]. 

It seems then that there is need for a completely new approach to the problem 
of the determination of calcium in serum, and the following points were considered 
in developing the present method 

1. Speed. Ashing or prior precipitation of caleium by precipitation should 
he avoided. Measurements should be made on directly diluted serum, or where 
that is not possible on deproteinized serum. 

® Accuracy. An accuracy of the order of +2 per cent is desirable. 

3. Amount of serum required Most of the existing methods require 0-2-2 ml 
of serum, so any proposed new method should use no more than this amount. 

4. Applicability. It is desirable that the method should also be applicable 
to other biological fluids, such as urine, which are more variable in composition 
than is blood serum and for which many of the existing methods fail. 

5. Expense. Any new instrument required should be reasonably inexpensive 
to construct and if possible be useful for other analyses also. 

It seemed worthwhile to investigate the possibility of applying atomic ab- 
sorption spectroscopy [16, 17] to this problem, since this technique has been 
shown to be far less subject to cationic and anionic interference than emission 
flame photometry [18, 19}. 

Apparatus 

The apparatus used was that developed by Box and Watsx [20). Light from 
a calcium hollow-cathode tube [21], modulated at 100 c/s, was focused by a quartz 
lens to a reduced image at the centre of the flame into which the sample to be 
analysed was aspirated, and was then re-focused by a second lens on to the entrance 
slit of a Beckman DU monochromator set to pass the Ca resonance line at 4227 A. 
The signal from a 1P28 photomultiplier tube behind the exit slit was amplified by 
a simple a.c. amplifier, rectified, and read on a meter. By adjusting the amplifier 
gain so that a reading of 100 divisions was obtained when distilled water was 
aspirated into the flame the percentage transmission when the sample was atomized 
could be read off directly. Fig. | shows a view of the whole assembly. 

The initial experiments were carried out with oxyhydrogen and oxyacetylene 
flames using Beckman burners, but for most of the work an air—acetylene flame 
of the Lundegardh type was used. The atomizer and spray chamber, shown in 
14) H.A. Teron, Clinical Flame Photometry pp. 76-77 Charles C. Thomas, Springfield, Illinois (1959). 
15) H. A. Teron, A.M.A. Arch. Pathol 66, 474 (1955). 

16) A. Watsn, Spectrochim. Acta 7, 108 (1955 

17| B. J. J. P. and A. WaLs#H, Spectrochim. Acta 8, 317 (1957). 
is) J. E. Avian, Analyst 83, 466 (1955). 

19) D. J. Davin, Analyst 84, 536 (1959). 


20| G. F. Box and A. WALSH, Spectrochim. Acta 16, 255 (1960) 
21) W. G. Jones and A. Waxsu, Spectrochim. Acta 16, 249 (1960). 
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Fig. 1. Atomic absorption spectrophotometer for estimation of calcium in blood serum 
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Fig. 2, were modified from those supplied with the EEL flame photometer (Evans 
Electroselenium Ltd., London). The atomizer was constructed with a wider bore 
capillary tube (0-66 mm internal diameter) both to avoid clogging by serum 
solutions and to enable low air pressures (10—20 lb/in?) to be used with a 10 em 
long burner. This burner was made of stainless steel and the slot through which 


Fig. 2. Atomizer, spray chamber and burner. 


the acetylene—-air mixture emerged was about 0-5 mm wide: acetylene at 1-5— 
6 lb/in? was introduced into the spray chamber through a small jet (diameter 
0-45 mm), but coal gas direct from the town supply could be used instead of 
acetylene, if required, by removing the jet. The flow rates corresponding to the 
above pressures were: air 4:35—5-4 l/min, acetylene 0-9—-1-6 l/min, coal gas 3 |/min. 
Liquid consumption was about 9-15 ml/min, of which quantity about 10 per cent 
was vaporized while the remainder ran back into the spray chamber and down the 
waste tube. 
Experimental procedure 

Materials 

Although some workers [3, 4] have found it necessary to use de-ionized water 
for calcium determinations, glass-distilled water was found to be perfectly satis- 
factory in the present work. Glassware was cleaned with chromic acid, and rinsed 
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repeatedly with distilled water. Solutions to be stored for more than a few hours 
were kept in polythene bottles. Serum was measured out with pipettes graduated 
to 0-01 ml. 

All reagents were of analytical quality, and except for hydrochloric acid, 
which was distilled before use, were not further purified. Standard calcium 
solutions were made up by dilution from a stock solution containing 1000 p.p.m. 
of calcium, made by dissolving oven-dried calcium carbonate in the minimum 
quantity of hydrochloric acid and diluting to volume. 


Preparation and measurement of serum solutions 


(a) Separation of calcium by precipitation as oxalate. Serum (0-2-0-5 ml) was 
pipetted into a 10 ml centrifuge tube, and 1-5 times its volume of an oxalate buffer 
(10 ml of 0-1 M oxalic acid + 190 ml of 0-1 M ammonium oxalate) was added. The 
tube was shaken and allowed to stand for 1 hr, after which it was centrifuged 
for 10 min, the supernatant liquid poured off and the tube allowed to drain for 
smin. After dissolving the precipitate of calcium oxalate by warming it with 
one drop of hydrochloric acid. 0-25 ml of strontium chloride solution (50,000 p.p.m. 
Sr) was added*, and the solution transferred to a 5-ml volumetric flask and made 
up with water. The solution was measured relative to standard calcium solutions 
containing strontium chloride (2500 p.p.m. Sr). 

(b) Deproteinization by trichloroacetic acid. Serum (0-5 ml) was pipetted into a 
10 ml centrifuge tube, 0-25 ml of strontium chloride solution (50,000 p.p.m. Sr) 
added. followed by 3-25 ml of water. While stirring the solution 1-00 ml of tri- 
chloroacetic acid was added and the mixture allowed to stand for 5 min, after 
which it was centrifuged for 5 min. The supernatant liquid was measured relative 
to standard calcium solutions containing sodium chloride (300 p.p.m. Na), stron- 
tium chloride (2500 p.p.m. Sr) and trichloroacetic acid (4 per cent). 

(ec) Direct dilution with water. Serum (0-2—0°5 ml) was pipetted into a 5-ml 
volumetric flask and made up with water. It was measured relative to standard 
calcium solutions containing sodium chloride (300 p.p.m. Na). 

(d) Direct dilution with EDTA solution. Serum (0-2—0-5 ml) was pipetted into a 
sem! volumetric flask containing 2-5 ml of a solution of 20,000 p.p.m. of the 
disodium salt of ethylenediaminetetracetic acid (Sequestrol), and was made up 
with water. The solution was measured relative to standard calcium solutions 
containing 10,000 p.p.m. of Sequestrol. 


Technique of making measurem nts 


Standard solutions were prepared to cover the range of calcium concentrations 
expected (usually 01-5 p.p.m.). The standards were measured first, then the 
unknowns, followed by a repetition of this procedure, and the transmission values 
for each solution were averaged and converted to optical density (this latter step 
is quite unnecessary in routine work). From the calibration curve showing optical 
density vs. concentration (Fig. 3) the concentrations of the unknown solutions 
were read off by interpolation. The amount of solution needed for one reading 


* The strontium chloride is added to prevent interference from any phosphate which may be 
co-pret ipitated or adhere to the calcium oxalate precipitate. 
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Fig. 3. Typical calibration curve for calcium in a 10 cm air—acetylene flame. 


was about 1-2 ml, so that 2-5 ml would suffice for duplicate readings. However, 


for reasons of accuracy and convenience, the solutions were normally made up in 
5-ml volumetric flasks. On this volume of solution duplicate measurements could 


be made directly for both calcium and magnesium (see Part II)*. Each absorption 


reading took about 7 sec. 


Discussion of interferences 
Interfering substances 


Experience with emission flame photometry applied to samples of serum 
suggests that in the determination of calcium by emission methods there are four 


major interferences due to: 
(1) Sodium, and to a lesser extent potassium, which augments the calcium 


emission. 


(2) Magnesium, which depresses calcium emission. 
(3) Phosphorus, which depresses calcium emission by removing some of the 


calcium atoms as calcium phosphate or phosphide. 
(4) Protein, which may partially compensate for the depression caused by 


phosphorus [13]. 
In the present work it was found that in atomic absorption spectroscopy the 
effect of sodium and potassium, at the concentrations in which they occur in 
serum, is to increase the calcium absorption by a small amount (about 2 per cent 


at concentrations corresponding to a ten-fold dilution of the serum). This effect 
may be allowed for by adding sodium chloride to the reference solutions. Clearly, 


* J. B. Wicuts, Spectrochim. Acta 16, 273 (1960). 
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variations in the sodium or potassium content of the serum will have no significant 
influence on the results of the calcium determination. 

Magnesium, even in quantities far in excess of its normal concentration in serum, 
was found to be completely without influence on the calcium absorption. 

The influence of phosphorus and protein required fuller investigation, and 
since interference by these materials is strongly dependent on the type of flame 
used, it is appropriate to discuss at this point the suitability of different flames for 
the determination of calcium by atomic absorption. 


Flames 


Since most workers have found the oxyacetylene or oxyhydrogen flame to be 
necessary in the flame-photometric determination of calcium, the use of these 
flames in atomic absorption was first investigated. However, the concentric type 
of burner, which was the only one available, tended to clog rather readily when 
aspirating protein-containing solutions. To achieve reasonably high sensitivity 
in absorption it was necessary to run these burners at 20-30 lb/in® air pressure, 
under which conditions the oxyacetylene flame in particular was intolerably noisy. 
Furthermore the shape of the flame was far from ideal for absorption work, and 
since experiments showed that phosphorus interference could not readily be 
completely overcome, work with these flames was discontinued. 

It was found that when calcium was aspirated in the air—coal-gas flame the 
concentration of free calcium atoms was low in the upper parts of the flame and 
was highest just above the zone of unburnt gas, so that to obtain the highest 
sensitivity the absorption had to be measured in the lowest part of the flame. In 
order to obtain the highest concentration of calcium atoms a fairly rich gas—air 
mixture had to be used, which suggested that a reducing atmosphere was necessary 
to prevent the complete oxidation of calcium to calcium oxide or hydroxide. 
However, it was found that in the air—coal-gas flame the calcium absorption was 
very sensitive to suppression by phosphorus and that the suppression was difficult 
to overcome, so that experiments with this flame were abandoned. 

The air—acetylene flame, which has proved useful for atomic absorption meas- 
urements on magnesium [18], was found to be suitable for use with calcium also 
and was studied in detail. As with the air—coal-gas flame the concentration of 
calcium atoms was highest near the base of the flame and for optimum sensitivity 
a fairly rich flame was necessary. In practice the hollow-cathode radiation was 
focused at a point about 4mm above the centre of the burner, and with the air- 
pressure held constant at about 12 |b/in* the acetylene pressure was adjusted to 
give maximum absorption for a test solution containing 10 p.p.m. of calcium. 
This occurred when the top of the blue zone of unburnt gas became hazy, and 
any further increase of acetylene pressure above this point caused a luminous 
region to appear without increasing the calcium absorption appreciably. 


Phosphorus interference and its control 


Fig. 4 shows the effect of the addition of phosphorus (as H,PO,) on the absorp- 


tion of calcium in the air—acetylene flame. The fall in calcium absorption with 
increasing phosphorus concentration corresponds to the fall noted by StrRasHEIM 
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Fig. 4. Effect of phosphorus on calcium absorption in a 10-cm air—acetylene flame. 


and NELL [22] in the emission of the 4227 A line of calcium in the air—acetylene 
flame on the addition of phosphorus. Two approaches were tried to overcome this 
interference: 

(1) Addition of a large concentration of an ion such as Sr2+ or La*+ which 
can compete with the calcium for combination with the phosphorus. Fig. 5 shows 


Fig. 5. Effect of the addition of strontium chloride on the suppression by phosphorus 
of calcium absorption in a 10-cm air—acetylene flame. 


the usefulness of this method when dealing with calcium and phosphorus in low 
concentrations, and Fig. 6 demonstrates its success in suppressing phosphorus 
interference at higher concentrations. 

(2) Addition of some material which can combine chemically with the calcium 
and prevent it reacting with the phosphorus, since ALKEMADE and Vooruuts [23] 
have shown that solutions of phosphate introduced into a flame separately from 
a calcium solution do not interfere with the emission of the latter. The disodium 
salt of ethylenediaminetetracetic acid was chosen for trial because of its ready 
solubility and its great tendency to form complexes with metal ions. Fig. 7 shows 


22] A. SrrasHerm and J. P. Newz, J. 8S. African Chem. Inst. 7, 79 (1954). 
C. T. J. ALKEMADE and M. H. Vooruvts, Z. Anal. Chem. 163, 91 (1958). 
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the effectiveness of this material in overcoming the suppression by phosphorus 
of the calcium absorption. 


Both techniques were found satisfactory, and numerous atomic absorption 
of large amounts of phosphorus, as in plant 


estimations of calctum mn the presence 
The calibrating solutions were made 


ash. have been earried out in this Laboratory. 


Concentration of additive, ppm 


strontium and lanthanum on the suppression 


Fig. 6. Effect of the addition of 
by phosphorus of calcrum absorption in a 2.om air—acetylene flame 


up to contain the same amount of “suppressor as was added to the unknown. 
he measured use of the strontium or lanthanum 


Where acid solutions are to 
ler these conditions free ethy lenediaminetetra 


technique is more convenient, as uné 
cetic acid tends to be precipitated. 


\ 


Optcol density 


° 


Fig. 7. Effect of EDTA on the suppression by phosphorus of calcium absorption 


in a 10-em air—acety lene flame 


Protein interference 
Experiments with calcium solutions containing known amounts of serum 
albumen showed that the effect of the protein varied with the composition of the 
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air—acetylene mixture and with the height in the flame at which the absorption 
was measured. In rich flames the protein appeared to depress the calcium absorp- 
tion slightly, while in leaner flames, and particularly when the absorption was 
measured higher in the flame, the calcium absorption was enhanced. Phosphorus, 
when added as phosphoric acid in concentrations corresponding to that of the 
inorganic phosphate in blood serum, had little effect on the calcium signal in the 
presence of protein, particularly when the absorption was measured in a rich 


Table 1. Effect of protein and phosphate on calcium determination 


Lich flame Lean flame 
(air 8 lb/in® (air 12 lb/in? 
C,H, 2 lb/in?) C,H, 1-8 lb/in?) 
(p.p.m.) (p.p.m.) 


Solution Reference solutions 


(1) Synthetic mixture Ca alone 
Ca, 9-8 p.p.m., 
albumen 80,000 p.p.m. 
Ca 9-8 p.p.m., 
albumen 80,000 p-p-m., 
P 5 p.p.m. 


Ca 9-8 p.p.m., P 5 p.p.m. 
(2) Serum 2 Ca + Na, 300 p.p.m. 
Diluted 1 : 10 


Diluted 1 : 10 
P 5 p.p.m. 


Ca 11 p.p.m. + 
P 5 p.p.m. 


(3) Serum 2A Ca + Na, 300 p.p.m. 
Diluted 1 : 10 
Diluted 1 : 10 


P 5 p.p.m. 
Diluted 1 : 10 
P 10 p.p.m. 
Ca 8-5 p.p.m. 
P 10 p.p.m. 


flame. Table 1 shows this “buffering” action of protein on the phosphorus inter- 
ference both for synthetic solutions of calcium, phosphorus and albumen, and 
also for two specimens of serum. 


The present work suggests that, provided a rich acetylene-air mixture is 
used, the effects of protein and phosphorus interference largely nullify each other, 
and thus it should be possible to make calcium determinations on serum directly 
diluted with water. 


267 


= 
¥: 
9-1 9-4 
6-4 7°0 
12-2 
11-3 
= | 
4 
8-6 8-7 
4. 8-6 8.7 
+ 46 4-7 3 
ail 
= 


J. B. 


In order to avoid the need for eareful control of the flame conditions, however, : 
it seemed desirable to try to find a method of overcoming both protein and phos- 
phorus interference. The use of EDTA, which was shown to control phosphorus 
interference, might also be expected to overcome protein interference by providing 
a competitor for the protein with respect to its combination with the calcium. As 


shown in Table 2 the use of this material does give results which seem to approxi- 
mate closely to the correct ones (see Discussion) and which are less dependent on 
flame conditions than those obtained by direct dilution with water. 
Table 2. Comparison of the results of different methods for estimation of 
calcium in serum (mg 100 mil 
Method (a) Method (b) Method (c) Method (¢) Oxalate 
(direct di- 
Serum no Type (Ca separ ated (serum de direct dilution permanganate 
as oxalate) proteinized with water) lution with method 
EDTA) 
1* Bovine 11-15 11°35 11-1 11:3 
2 Equine 10-8 10-65 - 
Equine 8-5 8-95 8-6 9-1 
3 Normal 10-0 10-25 0-8 9-3 
4 {| hurnan 10-4 12 10-05 9-9 
5 us USD 9-35 
6 10-5 10-9 
7 7-75 7:85 77 
8-65 8-35 
ou 6-05 5-05 
10 15 5 
11§ 2-1) 3-0 
12 8-05 
13 Pathol 10-0 9-95 9-65 
14 ul 8-6 8-3 8.55 
15 745 HSS 6-55 
16 0-35 lol 
17 10-35 “75 0-5 
Is S85 so 
iv 35 
20 0-35 
22 10-3 10-4 
* Freeze-dried seru! Chemtrol,”’ supplied by ¢ linton Laboratories, Los Aangeles, ‘ ilifornia). The 
sleium « nt. obtained by the Clark-Collip method, was given by the suppliers as 11-1 mg/100 ml 
An independ na s | i ption after ashing the serum was made by Mr. D. J 
Dav ising the techniques develope d by hu 19| for suppression of the p! »sphorus interference, and 
i a figu f 10-7 Low 
This serum had stood in the ret gerator for several months It was centrifuged to remove the 
pr t i i formed, and whic! yntained some of the calcium. Similar observations have 
been ! ie on aged sera by CHEN and PORIBARA | 24 
This serur th gh fresh, deposit d a precipitate which was centrifuged off before measurement 
rnatan | 


Results 
One difficulty in assessing the results of a new method of determining calcium 
in serum is that there is no method of unquest ioned accuracy for comparison. 
For this reason, although opportunity was taken to compare the atomic absorption 


24) P. S. Cuex and T. Y. TorrBara, An il. Chem. 26, 1967 (1954) 
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results with those obtained by the Clark—Collip method wherever sufficient quanti- 
ties of serum were available, more importance was placed on the criteria of internal 
consistency. These may be summarized thus: 
(1) The result of the analysis must be independent of the amount of sample 
taken. 
(2) Recovery of calcium added to the sample in known amounts must be 
quantitative to within the limit of accuracy of the method. 
(3) Different variations of the method should give the same results. 
The way in which the atomic absorption method meets criteria (1) and (2) can 
assessed from Tables 3 and 4, while a comparison of different variations of the 


Table 3. Effect of dilution on calcium determination 
(Ca, mg/100 ml serum) 


Method (c) Method (d) 


; Dilution with water Dilution with EDTA solution 
Dilution of 


Serum 
Serum Serum Serum Serum Serum Serum Serum Serum 


l 2A 24 l 3 10 23 


10-85 


11-05 


method is shown in Table 2. The reproducibility of the results obtained by atomic 
absorption measurements is illustrated in Table 5, which shows the results of 
calcium determinations on replicate samples of serum, using methods (a) and (d). 
These results show the reproducibility of a single reading, and include errors in 
the pipetting of the serum, but do not of course show the effect of any errors in 
the calibration procedure. 
Discussion 

It will be seen from Tables 3 and 4 that in terms of criteria (1) and (2) all four 
variations of the atomic absorption method, except perhaps (a), are acceptable. 
This underlines the difficulty of judging the relative merits of different methods, 
when each is apparently self-consistent but gives a different result for the amount 


of calcium in a specimen of serum. When the results obtained by the different 


variations of the atomic absorption method are compared, however, several 
interesting facts emerge. 

Firstly, the results obtained by the methods involving (a) separation of calcium 
by precipitation and (b) removal of protein by coagulation give results which 
are in good agreement, but in almost every case the calcium content obtained by 
method (a) is slightly less than that by method (b). The average difference between 
the results of the two methods is 1-8 per cent, which is about the amount expected 
from the operation of two contributory factors: 

(1) Failure of the oxalate precipitation to remove the last 0-8—2-0 per cent 

of the calcium in serum [3]. 
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Table 4. Results of recovery experiments 


Concentration 
. of Ca in serum Ca added Total Ca Recovered Recovery 
Serum 7 
(p.p.m.) (p.p.m.) (p.p.m.) (Yo) 


(p-p-m.) 


Method (a): calcium separated as oxalate 


5-0 
5-0 


Method (b): serum de prote inized 


5-0 13.95 100-0 
5-0 13-55 99-3 
5-0 10-3 98-5 


99-3 
Method (c): serum diluted with water 


10- 98-1 
100-0 
10-: 100-0 
12. 97-2 
13- 100-4 
14-5: 99-3 
15 101-0 


99-4 
serum diluted with EDTA solution 


5-0 OF 16-0 

5-0 10-4 

6-0 2! 10-2 99-; 
5-0 9-65 102: 
6-0 ¢ 10-65 97- 
5-0 10-15 101- 
5-0 9-6 
5-0 Q. 9-6 99-0 
5-0 9-1 98-4 


Av. 100-0 


= 
© 


(2) The 0-5 per cent decrease in the volume of the serum solution after de- 
proteinization in method (b). 

Table 4 shows that in the present work recovery of added calcium from serum 
by the precipitation method was significantly less than 100 per cent and six 
blank experiments on the precipitation of calcium from a standard solution 
containing 10 mg/100 ml yielded recoveries ranging from 97-100 per cent, with 
an average of 98-6 per cent. 


l 10-7 15-7 15-4 98-1 
2 5-75 10-75 10-6 98-6 
Av. 98°35 
2A 
2A 8-55 
15 5-3 
l 5-7 50 
2A 4°3 5-0 VOL. 
4 5-2 50 ] 6 
5 75 50 OLA 
21 8-2 5-0 
22 9-55 5-0 é 
25 8-0 7 
Method (d): 
| 
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It is considered that the results obtained by method (b) (deproteinizing the 
solutions with trichloroacetic acid) are the most nearly correct of all those obtained 
by atomic absorption. Methods (c) and (d), which do not involve removal of 


2 protein, yield results which on the average are slightly lower than those of method 
- (b). The mean deviation from the result obtained by method (b) is 0-33 mg/100 ml 
4 for method (c) and 0-43 mg/100 ml for method (d). 

: While the use of method (b), involving coagulation of the proteins, is desirable 
for the most accurate determinations of calcium in serum, either of the direct 
dilution methods (c) and (d) may be used where an approximate figure will suffice. 

; Table 5. Results of replicate determinations of calcium in serum 


Method (d) 
(dilution with EDTA 
solution) 


Method (a) 
(separation of calcium as 


oxalate) 


0-50 ml of serum 4 
diluted to 5 ml 
(mg/100 ml) 


0-50 ml of serum 2 


(mg/100 ml) 


10-03 


10-8 9-88 
10-8 9-97 
10-03 
10-03 
10-20 


Mean 10-8 Mean’ 10-04 


From the experience gained here it seems that while dilution with water alone gives 
an answer slightly closer to that obtained by method (b), more careful control of 
the air—acetylene mixture and height of the flame is required than with method (d). 

The major discrepancies between the results of the direct dilution methods 
and those of method (b) occurred with serum specimens which had been stored for 
some time. The reason for this is not obvious, but the results suggest that meas- 
urements on aged sera should be made by method (b) rather than by methods 
(c) and (d). 

Although no detailed study of the Clark—Collip method was made during the 
present investigation, the figures obtained by atomic absorption are significantly 
higher than those obtained chemically but are in agreement with those obtained 
by the flame photometric methods of MacIntyre and others [3, 15]. 

In Table 6 are shown the results of the analysis of six sera by the atomic 
absorption method and by the EDTA titration method of Winkrnson [25]. As 


(25) R. H. Wiixinson, J. Clin. Pathol. 10, 126 (1957). 
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expected, the results of the latter method are slightly lower than those obtained 


by atomic absorption measurements. 


Table 6. Comparison of atomic absorption and EDTA titration 


methods for calcium in serum 
(Ca, mg/100 ml serum) 


Atomic absorption 


Serum no. Type 


Method (b) Method (c) Method (d) EDTA titration 


26 Human 10-7 

27 Human 7:75 : 
28 Human 8-7 8-2 
29 Human 10-05 10-3 9-25 
30 Human S-7 9-35 8°35 
31 Human 9-9 10-6 9-8 9-8 


Conclusions 

The atomic absorption method is suitable for the determination of the calcium 
content of blood serum, using samples of 0-1-0-5 ml. Removal of protein by 
coagulation is desirable for the most accurate work, but for rapid routine purposes 
measurements can be made on solutions of serum diluted directly with water. 


Since the interference by phosphate can be completely overcome by the addition 
of a suitable suppressor, and since cation interferences are small, the method 
should also be suitable for determination of calcium in other biological fluids. 

Some problems remain, but the atomic absorption method is at least as accurate 


as any other and has the advantage of speed and economy of material. 
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Abstract—The magnesium content of blood serum may be accurately determined by atomic 
absorption measurements. Analysis can be carried out on as little as 0-05 ml of serum and the 
only preliminary treatment necessary is dilution of the sample with water containing about 
1 per cent of ethylenediaminetetracetic acid or of strontium chloride. 


Existing methods for estimation of magnesium 
Tue lack of detailed knowledge of the functions of magnesium in the body is 
largely due to the absence of rapid and accurate methods for its routine estimation 
in biological materials [1,2]. The existing methods are all more or less tedious 
and require relatively large amounts of sample, so that routine determination of 
magnesium is not at present practised in many hospital laboratories. 


Chemical methods 


Apart from the classical procedure in which the magnesium is precipitated as 
magnesium ammonium phosphate most of the methods which have been proposed 


for the determination of this metal in serum rely on a complexometric titration 
with ethylenediaminetetracetic acid and require prior removal of both protein 
and calcium [3-6]. The quantity of serum required is usually 1-2 ml, though in a 


recent version of the complexometric method which uses a photoelectric titrator 
WILKINSON [7] has determined magnesium on as little as 0-1-0-2 ml without prior 
removal of protein or calcium. Hwuwnrer [8] has described a colorimetric method 
for measuring the magnesium content of serum after deproteinization, which 
requires only 0-2 ml of serum but like WiILKINSON’s method has the disadvantage 
of determining magnesium indirectly as the difference of two titrations, one giving 
the calcium content and the other the combined calcium and magnesium content. 
Errors may also arise from the traces of copper and zine present in serum. 

J. R. Evtxrnton, Clin. Chem. 3, 319, 331 (1957). 

W. E. C. Wacker and B. L. Vatier, New Engl. J. Med. 259, 431 (1958). 
K. J. KarrMaAN and 8. Borastrém, Svensk. Kem. Tidskr. 67, 18 (1955). 

H. 8S. FrrepmMawn and M. A. Rustin, Clin. Chem. 1, 125 (1955). 

A. A. Winson, J. Comp. Pathol. The rap 65, 285 (1955). 


H. Frascuka, A. A. App. EL and F. Sapex, Z. Physiol. Chem., Hoppe-Seyler's, 310, 
97 (1958). 


R. H. Wirkryson, J. Clin. Pathol. 10, 126 (1957). 
G. Hunter, Analyst 84, 24 (1959). 
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Flame photome tric methods 

The estimation of magnesium by the flame photometer is difficult because of 
the low intensity of the emission spectrum and of interference by sodium, potassium 
and phosphate present in the serum. 

The method of Davis [9], in which the magnesium is first separated by precipi- 
tation as its complex with 8 hydroxyquinoline, seems to be accurate though 
tedious, and requires not less than | ml of serum. TELoH [10] has described a self- 
standardization method in which the interference of other ions is largely overcome 
by measuring two solutions, one of which is a solution of the serum alone while 
the other is a similar solution to which a known amount of magnesium has been 
added. This method requires 2 ml and is claimed to have a standard deviation 
of 3 per cent in estimations on replicate samples. 

It has been shown that magnesium may be estimated on the ash from blood 
serum and other biological materials by atomic absorption spectroscopy [11] and 
the present writer has given a brief account of a method for estimating this metal 


in serum without preliminary ashing [12]. 


Apparatus 
The atomic absorption spectrophotometer described in the preceding paper 
13). hereafter referred to as Part I, was used for the present work. The magnesium 
hollow-cathode tube (resonance line 2852 A) was run at a current of not more than 
10 mA in order to achieve maximum sensitivity in absorption. 


Experimental procedure 

The materials used were all of analytical quality. Standard magnesium 
solutions were made up by dilution from a stock solution containing 1000 p.p.m. 
of magnesium, made by dissolving pure magnesium turnings in the minimum 
quantity of dilute hydrochloric acid and diluting to volume. 

Serum was deproteinized where necessary either by the addition of trichloro- 
acetic acid, as in method (b) of Part I, or by warming with dilute acetic acid [8). 

Serum was ashed by heating in a silica or platinum crucible for 12 hr in a muffle 
furnace at 450-550°C or by repeated treatment with nitric acid at 320°C as described 
by Hunter [14]. The ash was dissolved by gentle warming with a few drops of 
hydrochloric acid. 

Solutions of serum for direct measurement were diluted in 5 ml volumetric 
fasks. The high sensitivity of the atomic absorption method for magnesium 
allowed of accurate measurements on serum diluted twenty-fold or more. 

The standard solutions for calibration were made up to contain the same 
concentration of suppressing or deproteinizing agent as the serum solutions. 
Typical calibration curves for magnesium are shown in Fig. 1. They are straight 
lines. 

9) S. Davis, J. Biol. Chem. 216, 643 (1955 
10) H. Teron, J. Clin Pathol. 30, 129 (1958). 
11) J. E. Attan, Analyst 83, 466 (1955 

12| J. B. Wriwts, Nature 184, 1586 1959) 


13) J. B. Writs, Spectro him. Acta 16, 259 (1960) 
Hunter, Nature 182, 263 1958). 
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Mg+!0,000 ppm 
EDTA 


Optical density 


ppm 


Fig. 1. Typical calibration curves for magnesium in a 10-cm air—acetylene flame. 


Interferences in the determination of magnesium 

ALLAN [11] has shown that in the air—acetylene flame the absorption of mag- 
nesium is unaffected by the presence of sodium, potassium, calcium or phosphate, 
and the present work confirms this finding. It seemed worthwhile, therefore, to 


investigate the determination of magnesium in a sample of serum which had been 
directly diluted with water. Using a lean flame and passing the radiation from 
the magnesium hollow-cathode through the flame at the height where sensitivity 
was greatest, the absorptions of different dilutions of serum were measured relative 
to those of standard solutions containing magnesium alone. The figure obtained 
for the magnesium content of the serum was independent of the dilution, but the 


recovery of magnesium added to the solutions was always too high, which indicated 
that there was probably enhancement of the magnesium absorption by the organic 


components of the serum. 

It is of interest to note that if this solution was also measured after the addition 
of a known amount of magnesium, i.e. the self-standardization method was used. 
the value thus obtained for the magnesium content of the serum was identical 
with that found by use of the two “suppression”? methods described below. 


Assuming that magnesium, like calcium, combines with protein, it seemed 


reasonable to suppose that addition of a large quantity of a salt such as calcium 
or strontium chloride would free the magnesium ions from this combination by a 
competitive mechanism. It also seemed possible that addition of a large quantity 
of a substance such as ethylenediaminetetracetic acid (EDTA) would remove 
magnesium from its combination with protein, and that in such a solution the 
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magnesium content could be measured by comparison with standards containing 
the same concentration of EDTA. Table | shows that these methods were success- 
ful in overcoming the protein interference. 

If the absorption was measured near the base of a rich flame, as in the deter- 
mination of calcium (Part I), it was often found possible to measure serum diluted 
directly with water. However, since the sensitivity of the absorption method was 
less when the lower parts of the flame were used. and since careful control of air 
and acetylene pressures seemed to be necessary, the possibilities of this method 
were not further investigated. 

Results 

\s with calcium, the lack of a simple analytical method of unquestioned relia- 
bility for comparison led to the adoption of the three internal criteria used in 
Part I. 


Table 1. Effect of suppressors on apparent magnesium concentration 


(Serum 2) 


Apparent Mg content tecovery of added 


Dilution of 
Suppressor of serum Mg 
eerum 
(mg/100 ml) (%) 


None 


None 


1:8 EDTA 1-72 
1:12 10,000 p. p.m. 1-75 
1:17 10,000 p.p.m 1-74 100-101 
1:20 10,000 p.p.m 1-73 
1:25 10,000 p.p.m. 1-74 
1:50 10,000 p.p.m 1-75 


1-77 ag 


sooo p-p 


Table 1 shows that measurements on different dilutions of serum gave mag- 
nesilum values indepe ndent of the degree of dilution for both the Sr and EDTA 
“suppression” techniques, and, as a further check on the validity of the results 
obtained. a number of sera were also measured after removal of protein by ashing 
or coagulation. The results (Table 2) agree with those obtained by the use of the 
suppression techniques, and such discrepancies as occur can almost certainly be 
attributed to chemical and manipulative errors associated with the operations of 
ashing and solution of such small amounts (~ 5 mg) of magnesium. As with calcium, 
the reproducibility of the results was excellent: the coefficient of variation for a 
set of replicate serum solutions measured by either of the suppression techniques 


was | per cent or better. 


Vv Lie 
16 
1-99 107 ot 
1:12 
1:17 None 2-03 
» 
1:25 None sve 
20 
1:50 — 201 
1:10 
1:20 
: 
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Table 2. Comparison of different methods for estimation of magnesium in serum 
(mg/100 ml) 


Direct dilution 
Serum no. Type EDTA Sr Ashed* Deproteinized * 
10,000 p.p.m. 2500 p.p.m. 


Bovinet 3:56 3-52 3°52 3°53 
2 Equine 1:75 1-75 1-80 

2A Equine? 1-35 1-40 — 

4 Human 2-30 2-31 
7 1-14 1-09 1-12 


19 2-32 2-25 
20 2 
21 l 
28 
29 Pathol. 2 
30 | human 1-{ 
31 2 


to to 


tot 


* These solutions contained 2500 p.p.m. Sr, as they were also used for the determination of calcium 
+ The magnesium level in this serum (“‘Chemtrol’’ freeze dried serum) is much higher than is normal 
for bovine specimens 
* This serum had stood in the refrigerator for several months, and the precipitate which had formed 


was centrifuged off before using the supernatant liquid. Some of the magnesium seems to have been 
lost in the precipitate. 


Table 3 shows the result of recovery experiments on solutions to which known 


quantities of magnesium had been added. It will be noted that the use of EDTA 
almost always led to recoveries of a little above 100 per cent: the reason for this 
is not known. but the actual serum magnesium values obtained in the presence of 
EDTA were no higher than those obtained by the use of strontium chloride. 

A few measurements were made with a 10-cm air—coal-gas flame, and it was 
found that the strontium suppression technique was far more satisfactory than 
the EDTA technique, since the addition of large concentrations of EDTA lowered 
the sensitivity markedly and caused the calibration curve to flatten out with 
increasing concentrations of magnesium. For the few samples measured the 
values of the magnesium content agreed with those obtained with the air—acetylene 
flame to within about 3 percent. It is of interest to note that the absorption 
sensitivity in the two flames is almost identical, which suggests that the atomization 
of magnesium is virtually complete even in low-temperature flames. 


Conclusions 


Estimation of magnesium in blood serum is readily carried out by atomic 
absorption measurements in the air acetylene flame on solutions prepared by 


' 
= 
on O7 2.16 
35 ‘ 
ee ‘ 2 
37 
» 
38 
» 
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Table 3. Results of recovery experiments 


Concentration 

of Mg in serum Mg added Total Mg Recovered Recovery 
solution (p.p.m.) (p.p.m.) (p.p.m.) (%o) 
(p-p-m.) 


Serum no 


Direct Dilution with EDTA 


0-50 2-38 101-3 
1-00 2-88 101-0 
1-00 2-40 100-8 
0-40 0-67 104-5 
0-90 1-49 100-0 
1-00 2-53 2-4! 98-0 
0-50 1-85 102-0 


100-9 
Direct Dilution with Sr 


0-80 1-66 
1-00 2-19 
1-00 1-66 


direct dilution of the serum with EDTA (10,000 p.p.m.) or strontium chloride 


(2500 p.p.m. Sr). An air—coal-gas flame is also satisfactory if the strontium 
addition technique is used. For duplicate measurements 2-5 ml of solution are 
sufficient, and since the serum can be diluted fifty-fold without much loss in 
accuracy of measurement the magnesium content of as little as 0-05 ml of serum 


can be determined. 


“ 
l 1-88 
1-88 
2 1-40 
2A 0-27 
23 0-59 
1-53 
31 1-35 
, 29 0-86 1-67 100-6 
! 33 1-19 2-24 102-3 
34 0-66 1-64 98-8 
Av. 100 
Av. 100-6 16 
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The vibrational spectra of organic isothiocyanates 
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Abstract—The Raman and infra-red spectra of a series of aliphatic and aromatic isothiocyanates 
(mustard oils) have been measured. Analysis of the spectra enables two frequencies to be 
identified for each compound which are characteristic of an aliphatic or an aromatic NCS 
grouping. It is shown why the complex structure of the strong band near 2100 cm~ is peculiar 
to the isothiocyanates and why its contour is different for the aliphatic and aromatic isothio- 
cyanates. Infra-red intensity measurements on this band are also reported. 


Introduction 

In EARLY Raman spectral studies it was noted that the organic isothiocyanates or 
mustard oils gave a very strong and broad characteristic band near 2100 em-!, 
which always appeared doubled. {|1] This broadness and doubling was also reported 
in the infra-red spectrum of phenyl mustard oil. [2] That this infra-red pattern 
occurs generally in a variety of organic isothiocyanates has been confirmed in 
some recent intensity studies [3, 4] and in the present work. However, in closely 
related molecules such as thiocyanates, cyanides and isocyanides, the band contour 
described above is not observed for their characteristic bands in the 2100 em~! 
region [5]. Isocyanates seem to stand between these two extremes: recent infra-red 
studies [3, 6] show that the 2270 cm~! band of the aryl isocyanates does have some 
structure associated with it. 

The doubling which has been regarded as peculiar to the isothiocyanates has 
been explained by BapGER in terms of Fermi resonance between the 2100 em! 
band and an overtone of afrequency near 1080 cm~'!.[7] For methyl thiocyanate and 
methyl isothiocyanate, a Fermi resonance interaction in the iso-compound accounts 
for the difference in the spectra since the thiocyanate has no band near 1080 em-". 
On the other hand it does not make it clear why a similar splitting of the 2100 em! 
band is not observed for phenyl thiocyanate, phenyl cyanide and pheny! iso 
cyanide, all of which have frequencies near 1080 em [8]. 

The present work, which records and interprets the infra-red and Raman 
spectra of a series of isothiocyanates, shows that the Fermi resonance interpreta- 
tion of the splitting is correct in principle. The detailed explanation shows why the 


fl] A. Daprev and K. W. F. Kontravscn, Sitzber. Akad. Wiss. Wien Math.-naturw. Kl. Abt. Ila, 
139, 629 (1930). 

(2) D. WriuiaMs, J. Chem. Phys. 8, 513 (1940). 

[3] G. L. Catpow and H. W. THompson, Spectrochim. Acta 18, 212 (1958). 

[4] E. Lreser, C. N. R. Rao and J. RAMACHANDRAN, Spectrochim. Acta 18, 296 (1959). 

(5) W. Gorpy and D. Wittiams, J. Chem. Phys. 4, 85 (1936). 

{6| H. Hover, Chem. Ber. 89, 2677 (1956). 

7) R. M. Bapnoer, J. Chem. Phys. §, 178 (1937). 

8| J. H. Hispen, The Raman Effect and its Chemical Applications p. 283. Reinhold, New York (1939). 


279 


> 
4 


N. 8. Ham and J. B. 


splitting occurs only with isothiocyanates (and aryl isocyanates) and further that 
it is important to recognize whether the environment of the NCS group is aliphatic 
or aromatic. 

A second problem associated with the isothiocyanates is the identification 
of the frequencies characteristic of the cumulative double bond system N=—C=S. 
This linear triatomic fragment should have two stretching frequencies and one 
(degenerate) deformation frequency. The stretching modes for the double bonds 
will interact to give a pseudo-antisymmetric frequency »,, and a pseudo-symmetric 
frequency yr, [9]. The 2100 em band of the isothiocyanates is identified with ,,,, 
and v, has usually been placed at 1080 em~ [10]. 

The interpretation of the present results accepts the v,, assignment but changes 
the v, assignment to one which again recognizes the aliphatic or aromatic environ- 
ment of the NCS group. 

Experimental 
Source of mate rials 

Methyl isothiocyanate (m.p. 35°C, b.p. 116°5-117°C at 757 mm) was prepared 
by the standard method [11] and fractionated three times. Methyl thiocyanate 
(b.p. 130°C at 764 mm, np* 1-4635) was prepared by the method of WALDEN [12] 
and fractionated three times. 

Phenyl cyanide, phenyl! isocyanate and allyl isothiocyanate were commercial 
specimens and were vacuum-distilled immediately before use. 

Benzyl isothiocyanate was prepared by the standard method [13] and vacuum- 
distilled just before use. It had b.p. 80-82°C at 0-5-1 mm, np* 1-6011. 

The remaining isothiocyanates were those prepared by Baxter et al. [14] or 
were prepared by methods analogous to theirs. They were purified just before 
use by vacuum sublimation, and, with the exception of 3-pyrenyl isothiocyanate 
which was pale yellow, were all colourless. 


Spectroscopic te chnique 


Measurements were made on a Model 21 Perkin-Elmer double-beam spectro- 
photometer. The vapour spectrum of methyl isothiocyanate was measured with 
a 10-em cell heated to about 60°C. Liquids were measured as capillary films or 
in fixed-length cells, solids were measured as Nujol mulls or in KBr pellets. Inten- 
sity measurements were made on solutions in Analar carbon tetrachloride which 
had been dried over phosphorus pentoxide and distilled, in 0-2 mm cells whose 
length was measured by the fringe technique [15]. Integration of the extinction 
coefficient vs. wave-number curves was carried out with a planimeter. The range 
of integration was from 1850 cm~! to 2350 em-', and no wing corrections were 


applied. 


ro) W. J. Ornvitie-Taomas, Chem. & Ind. (London) 567 (1953). 

10!) J. Gousgrav and O. Gort, Ber. deut. chem. Ges. 73, 127 (1940). 

11!) M. L. Moore and F. 8. Crosstey, Org. Syntheses 21, 81 (1941). 

P. Watpen, Ber. deut. chem. Ges. 40, 3214 (1907). 

13) H. Gruman (Editor-in-Chief), Organic Syntheses Collected Volume I, p. 447. John Wiley, New York 
(1932 

14) J. N. Baxter, J. Cymerman-Craic, M. Moye and R. A. Wurrte, J. Chem. Soc. 659 (1956). 

(15) D. C. Swern and E. C. Mitier, J. Opt. Soc, Am. 34, 130 (1944). 


280 


; 
= 

19060 
“he 

») 
4 

| 


The vibrational spectra of organic isothiocyanates 


The Raman spectra were recorded on a Hilger Raman spectrograph, using 
a microwave-powered annular Hg lamp [16] with either a Wratten 2B filter or a 
saturated NaNO, filter and the sample volume varied between 0-5 and 2 ml. 
Where 6 ml of sample was available the Hilger Hg excitation unit was also used. 
The Raman frequencies were calculated from measurements made on microphoto 


meter tracings of the Raman and iron-are spectra. 


Methyl isothiocyanate and methyl thiocyanate 

Before attempting a complete assignment of the vibrational spectrum of 
methyl isothiocyanate, it will be convenient to consider the vibrations expected 
for the general molecule CH,—XYZ. which will also include methyl! thiocyanate. 


Ys 


Fig. 1. Interaction of stretching frequencies for identical and non-identical double bonds. The 
lower part of the figure shows the approximate forms of the antisymmetric and symmetric 
vibrations for XY, and the pseudo-antisymmetric and symmetric vibrations for XYZ [9}. 


This type of molecule (with the CX Y angle not 180°) will usually have only 
a plane of symmetry (C, point group) and its fifteen fundamentals should occur 
in both Raman and infra-red spectra. These vibrations will be divided into ten 
in-plane (a’) modes and five out-of-plane (a") modes. An approximate description 
of these vibrations is: eight vibrations (three stretching, three deformation and two 
rocking modes) involve the CH, group, four vibrations involve the XYZ group 
(two stretching and two deformation modes) and three vibrations involve the 
C—X bond (C—X stretch, C—X—Y bend and one CH, torsional mode). Most of 
these vibrations can be picked out with the aid of correlation charts. 


However. where there are two cumulative double bonds, the two stretching 
frequencies of the linear XY =Z group will not appear at the values characteristic 
of XY and Y=Z because of the strong interaction between the double bonds. 
This interaction will occur even though X and Z are not identical.* Fig. 1 shows 
how this interaction operates in the case of YX, molecules and XYZ molecules 
to raise the (pseudo) antisymmetric vibration and lower the (pseudo) symmetric 
vibration | 9}. 

The Raman spectrum of methyl isothiocyanate has been recorded by GouBEAU 


* Some examples of this type of interaction occur in the following molecules, e.g. allene- v,, 1965, 
y, 1070 average 1517 em~'; CO, 3 2349, v, 1337, average 1843 CS, 
1090 em~': SCO 2055, rv, 859 em~'; HNCO 2274, vy, 1327 


f16) N. S. Ham and A. Waxsn, Spectrochim. Acta 12, 88 (1958). 


1523, v, 657, average 
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and Gort [10] as well as by VocEL-H6GLER [17], but until recently [18] only a 
partial infra-red spectrum seems to have been recorded [5]. VoGEL-HOGLER also 
recorded and assigned the Raman spectrum of methyl thiocyanate, but its infra-red 


spectrum, though recorded [19] does not seem to have been analysed. We shall 


discuss methyl thiocyanate first since its assignment is more straightforward than 


that of the iso-compound. 


Vibrational assignment for CHS 


The assignment of the infra-red and Raman bands for methyl thiocyanate 


is shown in Table 1. For the fundamentals this is the same as the Raman assign- 


ment of Vocrn-Héeter. However, the present assignment also includes many 


infra-red overtones and combination bands. The important point to be noted 
is that the two stretching frequencies for the SCN fragment are 2163 and 683 em~!. 


Vibrational assignment for CH 
For methyl isothiocyanate, the total number of observed frequencies is less 

than fifteen and so only a partial assignment is given in Table 2. This assignment 

differs from that of VoorL-HOGLER 17] and of GoUBEAU and Gort [10] in a 

number of respects but is essentially the same as that of CosTouLas and WERNER 

(1s). The following comments are mi de on the spectra: 

(1) The more detailed assignments of the CH stretching vibrations are supported 


by the fact that the corresponding combinations occur in methyl! thiocyanate (see 
Table 1) 

(2) The present results confirm the presence of the two strong bands near 
2100 em— in the Raman spectrum, but the infra-red spectrum of the liquid and 
of solutions in carbon tetrachloride shows also a definite shoulder at 2080 em. 
Graphical resolution of the composite band gives the following band positions 
peak height emax in parentheses) 9085 (110), 2110 (575) and 2230 (90) cm - 


BADGER suggested that the splitting observed for the isothiocyanates was due to 


a Fermi resonance interaction between 1 NCS and the first overtone of 1087 cm . 
7). This explains the bands 2110 and 2230 em~ satisfactorily since their mean 

is 2170 and 2 LOST 217T4em~!. The shoulder at 2055 cm tis probably 
the combination 1445 + 640 = 2085 em~'. In the vapour this same combination 
1 


would be 1470 673 2143 em! and there is evidence that the 2085 cm 


shoulder in solution is replaced by a shoulder near 2130 em~ in the vapour spec- 


trum. The lack of splitting for the 2165 cm 1 band in methyl thiocyanate follows 
l 


because that compound has no fundamental near 1080 em 


» 


8) The considerable change in the 1400-1500 em region of the infra-red 


spectrum on transition from liquid to gas is puzzling. The fact that, if the 6, and 0, 


l 


vibrations of the methyl group are identified with frequencies of 1412 and 1453 em 


respectively, 6, Is stronge! than 6.. in both Raman and infra-red, seems to be in 


agreement with the spectra of other molecules. The doublet structure of the 


1430 em band in the vapour with peaks separated by 12 cm l is probably due 


17) R. Vocer-Hoeier, Acta Phys. Austriaca 1, 318 (1948). 
18) A. CosvTo sand R. L. WERN? n J. Chem. 12, 601 (1959 
10 ppl pect py (1952 


| 
} 
16 
1960 
: 
ole 


The vibrational spectra of organic isothiocyanates 


Table 1. Vibrational frequencies and assignment for methyl thiocyanate CH,5CN 


Infra-red * 
(em?) (em) liquid Assignment 
liquid V oGeL-HOG LER [17] 


Ramant 


(12) (0-77) torsion of CH, 
(4) 6(CH,—S) 
456 (2) (0-777) O(SCN) (2) 


670m 674 (10)) (0-21) average 685; 


695 m 698 (6) | v(S—C) and »(C—S) 
792 vw 2 397 794 
815 vw CH, rock? 
912 vw 2 456 912 
972 ms 982 (4) CH, rock? 
987 s CH, rock 
1252 (00?) 3020 if excited by Hg 4047 A 
1316s 1318 (1) (0-40) 
1428 vs 1428 (2) (0-83) 6, CH,(2) 
1612 mw 1428 190 1618 
2017 w 1316 695 2011 
| 1428 670 2098 
1428 + 695 = 2123 
2163 vs 9155 (15) (0-20) v(C=N) 
{| 972 1316 2288 


2300 whbr 


| 987 1316 2303 
{ 972 1428 2400 
2400 
| 987 1428 2415 
2540 vw 2163 397 25607 
2595 vw 2163 156 2619? 
2740 vvw 1316 1428 2744 
2841 m 2835 (07%) 2 6, CH, 2856 Fermi 


resonance with »,CH, 
2941 ms 2940 (11) (0-04) vy. CH, 


3021 m 3020 (4) (dp) vy, CHa. (2) 


* ¥v ver Ww weak; m medium; 5s trong: br broad; sh shoulder 


+ The brackets following the frequencies contam the intensit' and the dey olarization ratio, re- 
spectively 


to the PR-branches of a parallel band of a spindle-shaped near-symmetric top.; 
Using the moments of inertia of Bearp and Dattey [20] the P&-separation is 
calculated to be just 12 cm~!. With this interpretation then, 6, in the gas phase 


is 1426 em~' and 4.. must be assigned to the weak band at 1470 em 
(4) 


VocEeL-HOGLER’s 


assignment of the 894 cm! Raman line to the first 


+ Bearp and Daitry [20) investigated the microwave spectrum of CH,NCS. The spectr 
weak to permit a complete analysis but it was cor tent th assumed sti 
evanate This structure was b ed on the a urate 1! ro e1 surements on ti t | | na 
HNCS. The assumed bond distances for CH,NCS are HC 1-09 A, ¢ N 1-47 A, N—C 1-22 A 1 ¢ S 
1-56 A and the assumed bond angk re HCN 109°, CNC 142° and NCS 180 With tl 


the molecule has moments of inertia J, lO-72 lO’ ¢ I» 329-34 10 
le 334-85 10-*° g-em? and is accidentally almost a sy trical top 


0) C. I. Bearp and B. P. Darrey, J. Am. Chem. Soc. 71, 929 (1949 
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und 


othioevanate 


iqu Liquid Assignment 
present VocEL-HOGLER 


work 17 


sO} 


| 17 1087 +- 640 = 1727 
1445 640 2085 
average 2165, IR liq 

| 


ot 


2824 


| S10 

S40 2 CH, = 2890 + Fern 
7 resonance with v,CH, 

d ( 1426 1470 — 2896 IR vap 

| 1412 — 1453 — 2865 R liq 

45 2935 s 2940 vs 2934(14) (0-30 CH, 

CH, 


overtone of 450 en ean hardly be right since its intensity is greater than that 


We pre ter to assign it to a methyl rocking vibration, presum 


of the 0 cm line 


ublw the a mode thea 1 ode may corre spond to the weak infra red band at 1220 


However! the corresponding bands in ¢ H.NCO seem much stronger 21}. 
assignment is that the 1092 cm 


5) The principal difference in the prese 


Raman line is here allotted to a vibration which is predominantly a stretch of 


the ( N bond. while 652 cm | is assigned to the symmetrical component of 


the NCS stretching vibrations Most previous workers have assigned the 1090 cm 
NCS 110, 22 and the 650 em~! line to ¢ N stretch. Now the ( H.) N 


21) H. Ey nd R. H. J. Chem. Phy 8, 360 (1940 
K. W. F. Rama ektren p. 204. Akademusche Verlagsgesellschaft, Leipzig 1943 
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1175 1220) CH, rock 
12T0 CH, rock? 
142 
‘ 14153 vs 1412 vs 1412(14) (0-00) CH, 
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bond distance in CH.NCS is probably about 1-47 A which from the curves of 
3 ] 

Anno et al. [23] corresponds to a force constant of about 5-0 10° dyn/em. 

This agrees well with values found for other C—-N bonds [24, 25]. A simple calcula 


tion by the Winson FG-matrix method [26] shows that such a force constant 
should produce a C-——-N stretching frequency in the 1080 em~! region whereas an 
impossibly low force constant would be required to produce a frequency as low 
as 650 em~'. BapGer has given this interpretation also |7], as did VoGEL-HOGLER 
by implication when she compared the fundamentals of CH,NCS with those of 
SCO [17} 

That this reassignment for the NCS group is consistent can be checked by 
the following simple calculation: Allow the two frequencies of the isolated double 


bonds ry « and »_, to interact, solve the secular equation and plot the new 


frequencies as a function of the off-diagonal interaction element. If the assignment 
is consistent, then both frequencies can be calculated with only one value for the 


( 


interaction element. To pick the frequencies +, and v._., it is necessary 
to use molecules with similar electronic structures to that of CH.NCS so that 
the bond lengths, and hence their characteristic frequencies, are also similar. 
For CH,NCS the NC(1-22 A) bond is between a double (1-28 A) and a triple bond 
(1-15 A) and the CS(1-56 A) bond very similar to the C=S bond of CS, (1-556 A) 
and quite different from a C—S bond (1-81 A) [27]. Now carbon bisulphide has 
stretching frequencies at 1523 and 657 cm~! [28] which average to a value of 
1090 em! for a non-interacting ( S bond of length 1-56 A. A (¢ N bond has a 


frequency of about 1650 em~! [29] and a value of 1750 em~ is chosen for a CN 


bond of length 1-22 A.* With these values for the non-interacting »,~< and 


eux, respectively, the symmetric and antisymmetric frequencies for HNCS 
[30], the thiocyanate ion |S} and CH,NCS are obtained with the following interaction 


constants: 


HN¢ S, 450 em 


SCN-, 550 em~! 
CH.NCS, 670 


These results are shown Fig 2 The pre assignment for ( H S Ni 


at 1090 cm~' is also entered and is seen to be quite anomalous in terms of the 


above calculation. 


As a corollary to this caleulation. we believe that the structure of the isothio 


evanates should not be written as N= S, as has been suggested by Hippe: 


1750 em estinater ) 
determine the force constant, and the diator pproximation to 
Anno, M. Tro. I A 
Barce.Lo and J. BELLANATO, S pectro« j 8. 27 (1956 


27 Inte om Distance Chemical Society Special Publication No. 11 (1958 
“8! G. Herzeers. Infra-red and R m Spectra p. 277. Van Nostrand, Ns York (1945 

291 L. J. Bectamy, The Infra-red Spectra of Complex Molecules p. 267. Methuen, London (1958 
30! W. J. Orvitite-THoma I. Chem. Soc. 2383 (1952 
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s his structure is not supported by the bond lengths, nor is it supported by 


the value of the 2100 em~' frequency which in the structure N=C—S~ would 
probably be raised to about 2400 em~', as it is in the dimethylnitrilium ion, 


CH,.N=C-CH, [30a]. The fact that the characteristic frequencies of the NCS 
group occur in the expected regions for C--N and C—S should be explained in 


terms of interaction between the two essentially double bond frequencies. 


— 


om 
~ 


Off - diagonal interaction element, 


frequency, om 


Fig. 2. Interaction of stretching frequencies for the cumulative double bonds N-=-C and 


‘ _ hw s represent tf experimental points for the three molecules shown 
17, 8, 30 T hor ntal lu give the value of the of diagonal interaction element. 
The led cross is an alternative assignment of y, for CH,NCS 10 


\ summary of our assignments for CH,NCS and CH,SCN together with the 
related molecules H Nf Slliand CH Nf ‘0 [211] is given In Table 3. These assign- 
ments seem internally consistent and in the case of the isothiocyanate explain 


the unique features of its spectrum 


Benzyl and allyl isothiocyanates 
For the isothiocyanates as a class. there are two types of contour observed 
for the 2100 em=! band in the Raman and infra-red spectra (see Fig. 3). One type 
methvl. benzvl and allyl) 1s characterized by two hands both in the infra-red 


and Raman spectra at about 2100 em ' (strong) al d 2200 em 1 (mod.), whereas the 


other tvpe (aromatic isothiocyanates) has three or more bands in the infra-red 


trum (2060. 2100 and 2180 em~') of which only the first two appear in the 


spectrun 
Raman spectrun 
Lhe! rst t ve of band contour seems to be obtained with the aliphatic grouping 


CH,—NCS and so the characteristic frequencies for this NCS grouping are 
expected To be similar to those of ¢ H Nf s 


For benzvi 1s thiocevanate, a fairl, complete assignment ot the spectrum (on 


the basis of Warren's documentation of the vibrational pattern for mono 


substituted benzenes | 32 is possible which leaves the strong Raman line at 


13. Phys. 30, 895 105%). 


4 
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Table 3. Comparison of vibrational assignments for 
CH,NC, CH,NCO, CH,NCS and CH,SCN 


Frequency (em 1) 


Assignment 


CH,N¢ CH,NCO CH,NCS CH,SCN 


liquid vap., liq. vapour liquid 


sym. rCH, 2951 2051 2945 2941 
sym. OCH, 1414 1377 1426 1316 
928 S70 1090 683 (C—S) 


asym. rCH, 3002 2994 3000 302] 
asym. OCH, 1456 1453 1470 1428 
CH, rock 1041 118] 270 987 
1107 (1175) (925 (972) (815 

skeletal bend 200 353 397 

190 
| 2232° 2160 2163 (C =N) 
ry XYZ 1412* 673 683 (C—S 
SXYZ 652 150 $56 


* For CH,NCO, the r,, and v, frequencies are calculated quite well using the frequencies 1, y 
1750 ecm™~', 3 1843 cm! (the average of y,, and vy, for CO,) and an interaction constant of 


{ 
400 on 


Aromatic N 


infra-red and Raman bands of isothiocyanates at 2100 « 


1093 em-! to be assigned to the CN stretching frequency and a frequency at 
675 cm to the v.NCS vibration. The band contour of the 2100 cm~! band is 
then a result of Fermi interaction between v,,.NCS and 2 1093 (= 2186 em~). 

The benzyl isothiocyanate assignment is given in an abbreviated form in 
Table 4. This assignment falls into line with those for the related molecules of 


benzyl alcohol, toluene and benzonitrile, and most of the correlations are clearly 
indicated. 


4 
‘ 
-- 
) 
2100 2060 2100 
2200 
infra~red 2180 
i 
Raman 
Aliphatic +NCS Ar CS 
Fig. 3. Contours of he 
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Allyl isothiocyanate 


f allyl isothiocyanate was first recorded by Daptet 
vectrum has all their lines and fourteen more as well. 
but not interpreted, by CAROL and 


The Raman spectrum o 
and KoHLRAUSCH [53]. Our s] 
The infra-red spectrum has been reported, 
Ramsey [34]. Our assignment of the vibrational spectrum of allyl isothiocyanate 
is given in Table 5. 

The infra-red and Raman spectra of a number of allyl derivatives (Cl, Br, OH, 


NH,. CN and SO,Cl) were considered in conjunction with the isothiocyanate 


lable 4. Vibrational assignment for benzvl isothiocyanate 


kre quene 


Description Ww ith 


(WHIFFEN notation [32]) (em 


Ring breathing (p 


Ring deformation 


out-of-plane 697 
in-plane (8) 622 
a, c, d, b 280, 1183, 1157, 1072, 
youlj, h. ts J 965, 897, 840, 750 
vec(k, l, m, n, ©) 1606, 1590, 1500, 1458 (or 1444), 1305 
VCH 3060, 3040 
X sensitive (q. 7. t, U. 4 1200, 797, 578 (or 460), -, 333, 162 


NCS y,, 2100, 2185, v, 675, 0 460 (or 575) 
y CN 1093 

rCH 2920) 

sCH, §,, 1444 (or 1458) 6, 1350 


and those bands marked (1) are peculiar to the NCS compound. The bands at 
1328 and 1341 em~! are in the range quoted by ErrLincer and co-workers [35] 
for an unidentified vibration occurring in the following isothiocyanates :allylearbinyl, 
Most of the assignments follow from work on vinyl 

mono-substituted ethylenes [38] and these are 
designated in the table by (V.E). The aliphatic ‘ H, frequencies are indicated 
for Raman bands 1033 and 1247 em | indicates 
atives and which and 


Cis crotv! and trans croty! 


compounds [36, 37 and other 


by (A) and the designation (lex 
two frequencies which are common to allyl deri\ 
have found in the Raman spectra of a number of «-olefins. Of these, 


co workers ou 
the Raman line at 1033 em 
the CH deformation mode. whereas the 


i not substituent sensitive and so is thought to be 


is 


strong Raman line which here is at 


33 \. Da nad K. W. F. KowirauscH, 4 tcher Akad. Wiss. Wier Vath-naturu Ki. Abt. Ila, 138, 
651 (1020 
34) J. CA nd L. L. Ramsey. J. Assoc. Offic. Agr. Chem sts 36, 967 (1953 
$5) M.G. J and J. E. J. Am. Chem. Soc. 77, 1831 (1955 
36) H. W. Tuomrs d P. TorkixcTon, Proc. Roy. Soc. A 184, 21 (1945 
37| M. pe Hewerinne, Trans. J ) Soe. 42, 5 (1946 
3S N. SHEPPARD and ts B. B. M. SUTHERLAND Proe Roy. Soc. \ 196, 105 (1044 
eu them. Beihefte, Nr. 56 (1948) 


ir 
4 
+ 

1060 
| 

a 
=55 


Raman* 
1) 


(om 


288 w 
335 w 
398 m 
441 vw 


555 mbr 
587 mbr 
700 msh 


7l7s 

903 m 
036 m 
985 m 
1033 ms 
1079 ms 


1121 m 


1191? vw 


1247 s 
1293 vs 
1328 s sh 
1341 s 
1412s 


1439 s 
1644 Vs 


2100 ms 


2164 ms 


2921 vvs 
ms 
3028 s 


‘ 
3092 m 


* See footnote 
+ Tf allvl isothiocyanate has a plane of symmetry there will be eighteen vibrations (twelve in-plane, 
NCS group (six 


CNC) 


in-plane—r,,, } 
See text for meaning ol 


The vibrational spectra of organic isothiocyanates 


Infra-red* (em 


1) 


1030 
1075 
1121 
1136 
1193 
1238 
1247 
1291 


1653 
1855 


1873 


1883 


2560 
2680 
2790 
2930 
3040 
3100 


Path length 
0-06 


mim 


vw 
Ww 

WwW 

mw 


™m 


m sh 


m 


m 


and three out-of-plane 
>), (Ga) amd (A) 


N—C skeletal bend (27)(1 


and 6C 


CH 


Vibrational frequencies and assignment for 
Allyl isothiocyanate CH, CH ( H,NCS 


Assignment t 


NCS (1) 


C stretch 


CH, wag (V, E) 
y—_CH—CH 
CH rock (Ga) 
yCN (I) 

CH, twist (Ga) 


CH, wag (Ga) 


CH—CH 


CH, scissor (E) 


1422? 


(1) 2 711 
CH, sym. (A) 


C (V,E) 
936 

936 1872 
903 


av. 2140 (1) 
Fermi resonance of 
_, NCS and 2 
2100 141 


1346 


CH, (A) 
CH, (A), 1 
(V) 


six out-of-plane) associated with the allyl group and nine vibrations involving tl 


CN. CN, NCS, AO CNC, 


N skeletal bend 


LO75 | 


1440 


ONCS, ¢ 


C skeletal bend 
ONCS (27) (1) 

CH, twist 
N(?7)(1) 


wag (V,E 


rock (E) 


2150 


2756 


2880 | Fermi 


resonance 


CH, (V) 


Table 
Capillary 
film 
ie ( 
( ) 
| 
) 
196 
923 s br 
935 s sh 
US6s ) 
1291 m 
1328 s (I) 
a 
1346s (1) 
5 
1415 sh 
1420s 
44 1440 s 
1653 m = 
2 
2100 vs 
w 
{ 26 CH : 
Pat 
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1247 cm— and is substituent sensitive is chosen as the >CH, wagging mode. The 
frequency at 1121 em 1 which generally exists in the Raman spectra of z-olefins, 
but not in all allyl derivatives considered, may possibly be the >CH, twisting 
mode. The only allyl mode which we could not identify is the CH, rocking mode. 
As expected for an aliphatic isothiocyanate, the frequencies characteristic of 
the NCS group are similar to those in ¢ H,NCS. 


Aromatic isothiocyanates 
Considering pheny] isothiocyanate as the prototype for the aromatic isothiocya- 
nates. there are three outstanding features in its vibrational spectrum as compared 


with the spectra of other mono substituted benzenes. These, which are character- 
istic of the aromatic NCS group, are (1) the complex 2100 cm 1 band which is 
strong in both infra-red and Raman spectra, (2) the 1243 em~! band which is strong 
and polarized in the Raman spectrum but occurs only weakly in the infra-red 
spectrum and (3) the 927 em ! band which is strong in the infra-red but weak 
in the Raman spectrum. 

The first of the observed bands is identified as v,, of an aromatic NCS and its 
complex structure will be discussed later. 

The strong polarized 1243 em~* Raman band is identified with WHIFFEN’s 
substituent (X) sensitive g-vibration [32] which is a combination of the C—X 
stretching frequency and one of the ring-breathing vibrations. The value of the 
corresponding vibration in aniline is 1277 em~ [40]. 

The 927 em— band occurs in the region of the out-of-plane CH bending vibra- 
tions (yCH) with an intensity comparable to that of the very strong “umbrella” 
CH frequency (750 em~'). An analysis of the combination bands in the 1600 to 
2000 em— [41] region has identified the 5 yCH frequencies at 749, 825, 905, 957 


and 981 em~! and so the 92 


7 em! band is available for assignment as the symmetri- 
cal NCS stretching frequency. This assignment contrasts with that made for methyl 
isothiocyanate, where the symmetrical NCS stretching frequency occurs more 
stro! oly in the Raman spectrum. This difference may be due to the different 
molecular geometries: for CH,NCS both NCS stretching vibrations occur in the 
plane of symmetry of the molecule, whereas in phenyl isothiocyanate the same 
vibrations occur out of the plane of the benzene ring. This is indicated in Fig. 4, 
where we show the two vibrations and the molecular geometries. In aromatic 
hydrocarbons and their derivatives these out-of-plane vibrations, e.g. the 
umbrella” »-CH frequency and the 697 em~* out of-plane ring deformation 


ire generally the strongest infra-red bands and occur only weakly in the Raman 


spectrum, i.e. the plane of the benzene ring acts as a pseudo-plane of symmetry. 
rhus the assignment of the symmetric NCS stretching frequency to the 927 em~! 
hand is not inconsistent with the observed intensity ratio. 

A band with similar characteristics to the 927 em band occurs in all the 
aromatic isothiocyanates we have studied. The infra-red spectra in the region 
300-1000 em— of some of these compounds along with phenyl isocyanate and 


40) K. W. F. Kontravuscu, Ramanspektren p. 380. Akademische Verlagsgesells« haft, Leipzig (1943). 
41) D. H. Wutrren, Spectrochim. Acta 7, 253 (1955). 
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benzyl isothiocyanate are shown in Fig. 5. The position of this band shows its 


greatest deviation from the value 930 cm~' in the case of x-naphthyl and 3-pyreny! 
isothiocyanates. 

The complex structure of the 2100 em~! band of the aromatic isothiocyanates 
has been tentatively attributed to Fermi resonance between v,,NCS and an overtone 
of a band around 1072 em~! (by analogy with the aliphatic isothiocyanates) [7]. 
This explanation is unsatisfactory mainly because it does not explain why the 


interaction is limited to isothiocyanates, e.g. pheny! cyanide has its C N absorption 


CH.NCS 


NCS Geometry ond vibrotions 
Fig. 4. Geometry and stretching vibrations of NCS group. For CH,NCS the ¢ NC angle 
18 probably 140° [20 The CNC angle in C,H.Né S will de pend on the hybridization at 
the N atom. A value of 140° is shown here 


at 2240 cm! and bands at 1099 and 1072 cm~', yet no splitting is observed. 
To clarify this situation, the band of the solution spectrum of phenyl! isothiocyanate 
was resolved graphically into the following peaks, émax values being given in 
parentheses: 2180 (60), 2118 (210), 2060 (550) and 1950 (10) em lL From their 
intensities, the first and last peaks are overtones and the second and third peaks 
are the Fermi doublets, average 2089 cm~'. Because the antisymmetric NCS 
stretching vibration occurs out of the plane of the benzene ring (a pseudo symmetry 
plane), any vibration with which Fermi interaction is to occur must have similar 
symmetry and this eliminates any harmonic of a C,H, fundamental. Considering 
combination frequencies, a further requirement is that one of the interacting 
frequencies should involve the CNCS atoms so that its interaction with the anti 
symmetric stretching frequency should be large and specifi fol the isothiocy anates 
An analysis of the possible combination frequencies shows that the combinatior 
meeting all these requirements is 1167 927 2094 em-!. The 927 em! band 


involves the NCS atoms and is an out of-plane vibration while the 1167 em 


vibration is one of the in-plane SCH deformations (WH1IrrEeN’s vibration @ |32 
The overtone at 1950 cm~' is a combination of yt ‘H modes, actually 957 QS] 


1935 cm 1 and the much stronger overtone 2180 cm | which is part of the aron Ltic 
NCS 2100 em-! contour (see Fig. 3), is explained as 1243 (q) 927 (vy. NCS 
2170 em". 
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nments of the frequencies characteristic of the aromatic NCS group 
airly complete assignment of the vibrational spectrum 


}. This table draws heavily on the work 


These 
are incorporated in the { 
of phenyl isothiocyanate given in Table ¢ 


of WHIFFEN [32 


For various practical reasons the vibrational spectra of the other aromatic 


isothiocyanates studied are less complete, but generally they confirm the assign 
ments of the NCS group vibrations made above. The strong Raman line near 


1250 em! and the infra-red band near 930 em | are italicized in the table of 
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lable 6. Vibrational frequencies and assignment for pheny] isothiocyanate 


Infra-red* 
Raman ** Assignment with description of vibration 


(em! Capillary 0-05 and (WHIFFEN’s notation [32}) 
film mm 


6 out-of-plane X sensitive (x) 


353 m (p 6 in-plane X sensitive (ft) 
106 w out-ol plane ring deformation (w) 
490) m (dp ra out-of-plane X sensitive (y) 


in-plane ring deformation (s) 


in-pl une X sensitive (r) and 
| out-of-plane ring deformation (v 
749 vs (f) 


106 812 


106 490 S96? 


905 m 905 8 


928 mw 927 5s 927 


943 mw (957) 957 sh cu (h) 
OSL sh w you (J 
1000 vs (p 1005 w LOO4 w ring breathing (p) 
1021 1026 w 1024 m jon 
1068 s (d) 
1006 w 1006 w ‘ LOG LOSSY 
242 1147 


L156 w 1155 m hou 


242 
106 y 4: 2 


X sensitive 


GOD 


OOD 


L787 mw J h S25 957 


ig OS] LS0O6 
806 mw bi 


614s (dp 
665 w sh 
4 
wn 
# 751 m (dp) 749 vs 
802 w sh = 2 x 
SIS w $25 vw S25 von (g) 
you (7) 
| 
L158 m (p 
L167 1168 m 1167 p (a 
L191 h 09 
a 1225 q 31 
1245 1250 w 1250 m in-plane (7) 
1279 m (dy 1283 w 12851 Jon (e) 
1298 w (dp 1303 sh 
? 1332 w (dp) 1332 sh —« (0) 
1362 w 2 683 1366 
1397 w 1397 1397 w br 1387 
190 905 1295 
an 1429 w i f 683 749 1432 
1451 mw 1457 1455 s (n) 
1469 mw sl 1478 sh 19) 1471 
1485 8 (p 1494 1400 vs n 
1520 m (dp 
- 
1543 w 
1560 w sh 49 S25 L574? 
1643 w 1648 mw f 749 + 1654 
1731 mw 825 + 905 = 1730 
1775 w sh 
— —— 
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4 nued) 


Raman** Assignment with description of vibration 


Capillary 0-05 and (Wutrren’s notation [32)) 


ISS7 O05 O57 1862 
1880 m j Os l 
1950 sh h 957 Osi 1938 

s | Fermi resonance hetween NCS 

°106 s and 1167 927 | 2004) 
927 + 1250 = 2177 IR 
mw 2170 m 


928 1245 2171 


2410 w sh 
2465 m 


4) 


vw 


2080 Ww sh => 
3045 m vo— 
ul 
3063 w 53060 m 3065 8 


mn data obtained by the CRAWFORD Horwrrz [42) modification of the 


collected frequencies and the analysis of the complex hand near 2100 cm~ is 


given in Table 7 Resolution of the intra red solution curves and determination 


of the interacting frequencies follows the same pattern as for pheny! isothiocyanate, 
frequencies which interact with ». NCS are v,.NCS and a 


- i 
evmmetric in-plane CH deformation frequency Also. the band near 2150 cm 1 
is assigned as the col ibination 1250 930 em~'. 


| eontrast with the isot hor yan ites, the strong infra red absorption occurring 


isocvanates at 2270 cm™ 1s usu illy a single yp ik. although some recent work 


has reported that the half band w idth is between 2o and 30 em [3] and there 


re some isocvanates where as\ mmetries and second peaks are clearly visible 6}. 
Our previous explanation fot the structure of the 2100 isothiocy inate band, 
if it is rrect. s ild he ca ible of 1 odification tor the sor yanates To test this 
we have easnred the infra-red spectrum ol phenyl isocyanate, we have used the 
Ra i spect! data ol KOHLRAUSCH | 40 ind we have compared the spectra of 
the tv compou Is Our assignment fol both the « ympounds Is snown 
ibbreviated tor in Table A gi iphical resolutior of the 2270 cm band of 
t nectrum shows two stro! peaks at 2280 cm 550) and 2262 cm™ 
7 
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Table 7. Analysis of 2100 em 1 band of aromatic isothiocyanates 


The upper part of the table gives the peak positions (with émax) resulting from graphical 
resolution of the solution intensity curves. Figures in square brackets are d yuubtful residues 
from the resolution process. The lower part of the table summarizes the assignments made to 


explain the observed pattern of peaks. 


( ompound Frequency (cm 1\(emax) 


(1) Phenyl NCS 2180 (60) 2118 (212) 2060 (548) 1950 (10 
(2) o-CIC,H,NCS 2180 (15) 2123 (188) [2085 (35)]? 2056 (744) 1943 (10) 
(3) p-FC,H,.NCS 2197 (28) 2120 (230) 2059 (530) 1870 (25) 
(4) p-CIC,H,.NCS 2192 (40) 2114 (270) 2052 (558) 1875 (15) 
(5) p-BrC, H,NCS 2191 (62) 2120 (255) 2058 (555) 1883 (15) 
(6) p-MeO-C,H,NCS 2190 (65) 2132 (195) 2077 (460) 1862 (20) 
(7) p-C,H,- gH NCS 2197 (42) 2127 (260) 2066 (545) 1900 (15) 
(8) Phenyl NCO 2345 (20) [2307 (40)]? 2285 (550) 2262 (1140) 2205 (30) 


Compound (1) (2) (3) (4) (5) (6) { 


NCS 027 936 933 932 930 930 925 1108 
fon 1167 1159 423155 41171 #41169 #%1176 «1157 


Sum 2004 2095 2088 2103 2099 2097 2101 2265 


Observed average of 


Fermi doublets 2089 23090 2089 2083 2089 2105 2097 227 
R 1242 1242 1260 1255 1252 1246 1252 


Frequency 


- { IR 1250 1206 1255 1250 1245 1250 1252 
ry, NCS 927 936 933 932 930 930 Y25 
(, R2169 2178 2193 2187 2182 2176 2177 
IR 2177 2182 2188 2182 2177 180) «(2177 
Observed R 2167 
Overton IR 2180 2180 2197 2192 2191 2190 2197 


Table 5. \ ibrational assignments f r phe nv! wothiocvyanate und phe nvl socvanate 


Description of Frequency (cm 
vibration (WHIFFEN 
notation [32]) Phenyl NCS Phenyl NCO 


1004 


1006 


683. 406 685. 


in-plane 614 616 

on (e, a, c, d, b) 1285, 1167, 1155, 1068, 1024 1284, 1157, , 1072, 1026 
von (j, h, i, g. S)* 981, 957, 905, 825, 749 983, 963, 904, 827, 750 
veo (k, 1, m, n, 0) 1594, 1586, 1494, 1455, 1332 1601, 1587, 1514, 1457, 1338 


3063, 3045, 2980, 3067, S052, 


680, 353, —, 4907 242 »—» —, —, 490, 246 


2089, 2265, 


1108, 


* Assignment checked with overtone bands in 1600-2000 cm range (41). 
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If the origin of the two peaks in the isocyanate band is sought in the same sort 
of interaction as postulated for the isothiocyanates, then the combination frequency 
is 1108 (ry, NCO 1157 (gCH) 2265 em~'. This value is close to the observed 
average frequency, but the splitting ‘and band width) in the isocyanate is less 


than in the isothiocyanates 


Intensity of the NCS infra-red band at 2100 cm™ 


Fig. 6 shows the contours and integrated intensities, B. of the 2100 cm 1 
absorption band of the isothiocyanates measured at concentrations of 0-04-0-06 M 


in carbon tetrachloride solution at a spectral slit width of about 13 em, together 


2000 


2300 2100 .1900 2300 2100 2400 2200 


irs and integrated intensities of the 2100 em! band of some 


related compounds carbon tetrachloride solution The 
unit of B is 10* mok 
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with the corresponding bands of methyl! thiocyanate, phenyl cyanide and pheny] 
isocyanate. The integrated intensity is defined as B = 2-303 | e dy, where « is 


the extinction coefficient. 
Denoting the spectral slit width by s and the half width of the band by Ayr,,., and 


adopting the useful criterion of Russet. and THompson [44] that the effect of 


Table 9. Extinction coefficients and integrated intensities for 2100 em~ infra-red 


absorption band of some organic isothiocyanates and related compounds in 


carbon tetrachloride solution 


Integrated intensity 
(104 mole~!-l.-em~*) 


Peak extinction coefficient 


Compound 


Meas- Corrected Corrected 

Present 
ured (RAMSAY) Other work* 
work 


sothior yanates 


(1) Methyl? 575 610 595 11-3 1) [3] 
(2) Allyl 435 445 450 10-1 10-4 [3] 
(3) Benzyl 5OO 11-9 
(4) Phenyl 550 15-3 15-7 [3] 
(5) o Chiloropheny! 745 16-1 
(6) p-Fluoropheny! 535 15-8 
(7) p- ‘hloropheny!l 55D 17-1 17-9 [3 
(8) p-Bromophenyl 580 18-1 
(9) p-tert-Butylphenyl 185 16-4 
(10) p-Methoxyphenyl 1H0 15-3 14-9 [3] 
(11) p-Acetophenyl 395 12-8 
(12) p-Diphenyly] 545 18-9 
(13) «-Naphthyl 670 16-6 16-9 [3] 
(14) B-Naphthyl 560 18-8 
(15) 9-Phenanthrenyl 745 18-2 
(16) 3-Pyrenyl 705 20-2 
Other Compounds 
(17) Methyl thiocyanate 19 0-21 
(18) Phenyl cyanide 37 0-2] 7 fF 


(19) Phenyl isocyanate 1140 1230 1370 15-2 14-1 [3] 


* These values have been extrapolated to zero concentration and should thus be slightly higher than 
those reported in the present work 


These values were obtained with a sample which had been very carefully fractionated and was 


shown by gas chromatography to be homogeneous. Earlier measurements on apparently pure samples 
vielded intensities about 30 per cent lower than these and led to the identification of a persistent carbonyl- 
containing impurity. The discrepancy between the present intensity values and those of CaLDow and 
THompson [3] may be due partly to a difference in sample purity. 


finite slit width only becomes significant when s > 0-2Ar,,, it is clear that slit- 
width effects can be ignored for the aromatic isothiocyanates, as their bands 
have half widths of the order of 100 cm~?. 

For methyl isothiocyanate, methyl thiocyanate, phenyl cyanide and phenyl 
isocyanate, however, consideration of slit-width effects is necessary. With methyl 
isothiocyanate the asymmetry of the band complicates matters, but if the band 
is separated graphically into its components, then the main peak at 2115 em™' 


'44) R. A. Russece and H. W. Taompson, Spectrochim. Acta 9, 133 (1957). 
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has an apparent half width of about 42 cm 1 and use of the formulae developed 
by WILLIs [45 and Ramsay [46] indicates that the true peak intensity should be 
obtained by multiplying the observed intensity by factors of 1-06 or 1-04, respec 
tively. Measurement of solutions of methyl isothiocyanate with a single-beam 
double-pass spectrometer fitted with a calcium fluoride prism to give a spectral 
slit width of about 2-7 em”! indicated that the true peak intensity was about 
lable 10. Summary of appr ximate group intensities for isothiocyanates and 
mpounds 


10? mok 


Compt und Reference Intensity 


Alkyl NCS 
Alky! NCS 3] 10 C,H,NCS 
C,H,NCO 15 


NO, NCS 3 2 H,SCN 
3] 0-4 
»-CH, NCO 3) 14-2 * 0-21 
C,H.-NCO * 15-2 C,H,.-CHO 50 2-H 
NO, CgHy NCO 3 74 


1-07 times the value obtained with the double-beam instrument. The integrated 


intensit' howevel should not be sig) ificantly affected by the finite slit width [46]. 

The bands of methyl thiocyanate (47,2 13 em~) and phenyl cyanide (Ar). 

16 cm=") are so narrow that neither method of correction can be expected to 
vield accurate res its for the peak intensity, although if the bands are assumed 
to have Lorentz contours the use of Ramsay's data allows a corrected value to 
be btained tor the intes rated it tensity. 

For phen) | iso \ anate the b und was separate d graphically into its components 
und the prin ipal y ak alone treated It seems that both methods of correction 
are Inadequate, as DAVISON [47] has observed that the peak intensity for the band 


53, 1402 (1957). 


no) nd H. THOMPS P j \ 250, (1959 
| ) \ I Chem. Phys 


| 
Unit of intensitv: 
Compound Reference Intensity 
» 
CH,O-C,H,CN ts 0-42 s—C—O 51] 10 16 
C,H.-CN O17 N= N (52 14 1960 
p-NO,-C, Hy CN i8 0-04 N=C=S 12 
N=—C=—O 15 
N ~ > 
Pot t t - measured in a potassium bromide disk. Although scattering losses 
t it ry i. t ‘ agi 4 a n bls “A ] vith 
the result f a rough ! ur ent thanol solution. The peak extinction coefhicient was about 
17 
45) J. B. Australian J. Sci. Res 4, 172 (1952 
47) W. H. T. D 30 Che 3712 (1953 
gn 
: 
2 ol 20, 520 1952). a 
52) G. D. MEAKINS and Jd. Moss, J. Chem. Soc. 993 (195% 


The vibrational spectra of organic isothiocyanates 


Table 11. Raman and infra-red frequencies of isothiocyanates (The frequencies 
characteristic of the NCS group are italicized) 


Benzyl isothiocyanate: Raman spectrum (liquid) Avy (em). 162w, 333 w, 460m, 578m, 
622 s, 679 ms, 700 mw, 763 w, 799 ms, S11 ms, 844 w, 899 w, 948 w, 1004 vs, 1029s, 1069 ms, 
1093 ms, 1156 mw, 1178 w, 1200 ms, 1335 w, 1439 mw, 1585 mw, 1603s, 2102 m, 2917 ms, 
3061 ms. 

Infra-red spectrum (capillary film) vy (em™!). 675 m, 697 vs, 730m, 795 w, 813 w, 840 w, 
897 w, 965 w, 1003 m, 1029 ms, 1072 w, 1088 vwsh, 1107 vwsh, 1157 w, 1183 vw, 1202 m, 
1240 m, 1280 w, 13058, 1332 ssh, 1350 vs, 144458, 1458s, 15008, 1590 w, 1606 w [(0-05 mm) 
1543 w, 168l w, 1720 vw, 1743 wbr, 1778 vw, 1809 m, 1883 wbhr, 1960 w] 2100 vs, 2180s, 
2850 w, 2920 m, 3040 8s, 3060 m. 


o-Chlorophenyl isothiocyanate: 
272m, 436 wbr, 470m, 527 w, 661 ms, 702 w, 725 wbr, 754 .w, 793 wbr, 876 wbr, 939 wbr, 
1030 s, 1050 w, 1126 ms, 1157 ms, 1/242 s, 1267 ssh, 1280 vs, 1379 wbr, 1441 s, 1472 vs, 1523 w, 
1578 vs, 1599 sh, 2050 sbr, 2115 mbr, 3072 w. 

Infra-red spectrum (capillary film) vy (em™'). 659 m, 
1068 s, 1129 w, 1159 vw, 1246 vw, 1280 w, 1342 vw, 1384 vw, 1420 vw, 1447 ms, 1476 8s, 1584 ms, 
1790 vw, 1877 mw, 1920 sh, 1955 sh, ca. 2090 vs, 2190 sh, 2210 sh, 2560 w, 2760 vw, 3065 w, 


Raman spectrum (liquid) Ay (em 1), 170m, 


207 vw, 250 w, 


22s, 751 vs, 855 vw, 936s, 1033 m, 


p-Fluorophenyl isothiocyanate: Raman spectrum (liquid) Ay (em™'). ca. 177 sh, 212 w, 320m, 
374s, 634 701m, 816s, 839 w, 885 whbr, 938 whr, 101l6m, 1090 wbhr, 1154s, 1202 msh, 
231 sh, 1260 vs, 1285 sh, 1313 sh, 1416 w, 1446 w, 1504s, 1598 vs, 1613 ssh, 2062 sbr, 2104 msbr, 
w. 


Infra-red spectrum (capillary film) » (em l) 683 vw, 696 vw, 754 .w, 812 mw, 833 vs, 
873 w. 933s, 1015 w, 1095 ms, 1116 vw, 11558, 1210sh, 1230 vs, 125458, 1292 vw, 1418 vw, 
1445 w, 1463 vw, 1506 vs, 1535 sh, 1593 mw 0-05 mm) 1633 vw, 1 
ca. 2100 vs, 


50 vw, 1775 sh, 1880 w] 


9195 sh, 2320 vw, 2465 vw, 2540 vw, 2665 sh, 2705 vw, 3085 vw. 


p-¢ hlorophenyl othiocyanate: Raman spectrum (sat. solution in Cf Av (em), 260 m, 334 m 


- 634 m, 694 m, 736 s, 826 w, 883 whbr, 925 vw, 1015 m, 1095 s, 1108 w, 1171 s, 1194 vw, 1228 wsh, 
x 1255 vs, 1295 w, 1364 w. 1408 w, 1436 w, 1485 st, 1533 m, 1593 vs, 205] mbr, 2095 mbr, 21453 w, 
3078 w. 
Infra-red spectrum (Nujol mull) vy (em~). 719 w, 735 sh, 825 vs, 890 sh, 933 ms, 1015 mw, 
1094 s, 1110 sh, 1169 vw, 1250 sh, 1270 vw, 1370 w KBr, 1405 vw, 1468 vw KBr, 1489 vs, 1515 sh, 
ie 1593 mw. 1635 vw. 1750 vw. 1885 vw. ca. 2060 vs, 2190 sh, 2350 vw, 2490 vw, 2610 vw, [ K Br disk 
2895 vw, 2970 sh, 3015 


p-Bromophenyl isothiocyanate: Kaman spectrum (sat. solution in CCl,) Av (em 1) 358 vw 
720 m. 1012 w. 1067 m, 1169 s, 1252 vs, 1271 ssh, 1482 m, 1582 vs, 1621 w, 2037 mbr, 2085 mbr, 


3076 w. 


Infra-red spectrum (Nujol mull) » (em 1), 660 vw, 716 vw, 822s, 925 sh, 932 mw, 986 vw, 
1014 mw. 1071 ms, 1092 vw, 1107 vw, 1151 sh, 1172 w, 1245 vw, 1272 vw, 1296 vw, 1346 sh 
on Nujol band, 1403 mw, 1435 vw, 1466 vw, 1487s, 1562 sh, 1582 mw, 1632 vw, 1887 vw, 


2050 vs, 2100 sh, 2180 sh [KBr disk 2960 w, 2977 sh, 3100 vw] 


p-tert-Butylphenyl isothiocyanate: Raman spectrum (liquid) Av (em). 681 w, 729m, 936 w, 
1018 w, 1107 m, 1182s, 725] vs, 1285 m, 1508 m, 1599 s, 2054 mbr, 210] mbr, 2862 w, 2899 w, 
2960 w, 3064 w. 

Infra-red spectrum (Nujol mull) » (em 1) 640 w, 693 vw, 726 mw, 732 mw, 753 vw, 833s, 
935 ms, 1020 w, 1025sh, 1097 sh, 1113 ms, 1185 vw, 1206 w, 1225 vw, 1271 mw, 1285 sh, 


1312 vw. 1368 mw KBr, 1399 w, 1419 w, 1466 mw KBr, 1490 mw, 1512 ms, 1565 sh, 1572 w, 
1605 mw. 1652 w, 1775 w, 1870 sh, 1900 w, ca. 2100 vs, 2195 ms, 2580 vw, [KBr disk 2875 w, 


9917 sh, 2980 ms, 3055 vw]. 
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Table 11. -cont nued) 


p Vet yphenyl isothiocyanate: Raman spectrum liquid) Ay (em™!). 625m, 709 w, 797 m, 
1167s, 1246 vs, 1255s, 1303 m, 1412 w., 1507 s, 1606 vs. 
1) 703 w. 793 sh, 803 mw, 828 vs, 880 vw. 930 8, 


1300s, 1425 sh, 1446 ms, 1467 s, L508 8, 


Infra-red spectrum capillary film) v (em 
1035 s. 1108 ms, 1123 sh, 1170s, 1185 ms, 1255 
1566 sh, L588 mw, 1608 ms o-05 mm) 1630 sh, 
1873 mw] ca 100 va, 2420 vw, 2490 vw, 2555 vw, 2720 vw, 2840 mw, 2920 sh, 2950 sh, 2970 mw, 


Va 
1720 sh, 1743 vw, 1752 sh. 1800 vw, 1850 sh, 


3020 3070 vw 


p-Acetophen il isothiocyanate: Infra-red spectrum Nujol mull) » (em 1) 657 vw, 717 sh, 


930 mw, 950 sh, 963 w, 1013 w, 1024 w, 1037 w, 1075 vw, 


747 mw, sh, S28 mw, S42 ms, 


1109 w, 1177 w, 1210 w, 1250 sh, 1258 sh, 1268 s, 1293 ms, 1319 sh, 1365 ms, 1415 mw, 1498 vw, 


1558 sh, 1592 ms, 1650 8, 1703 ms, 1932 vw, 2/ >5 vs. 2195 ms [KBr disk 2005 vw, 3070 vw 


p- Diphenylyl esot! vanate: Raman spectrum (sat. solution im CC1,) Av (em 1), 408 m, 618 w, 


_ 1005 m, 1038 m, L119 whr. 1176s, 1183 8s, 1252 vs, 1483 mbr, 


638 w. 718 w, 820 w, 540 w, 966 w 
1546 w. 1605 vsbr, 1631 sh, 2049 mbr, 2100 mbr 
Infra-red spectrum Nujol mull) » (em 1) 698s, 715 mw, 748 mw, 7625, 837s, 916 mw, 


996 mw, 997 sh, 1006 mw, 1018 vw, 1037 vw, 1075 w, 1103 mw, L157 w, 1247 vw, 1282 vw, 
1304 w. 1318 vw, 1375 vw KBr. 1408 w, 1454 ms KBr. 1482 ms, 1508 w, 1577 vw, 1600 w, 


1890 sh, 1906 vw, 1967 sh. 2100 vs, 2180 mssh, 2350 sh, [KBr disk 2485 vw, 2505 w, 


1656 vw, 


3050 w 


»-Naphthyl isothrocyanat Infra-red spectrum K Br disk) vy (em™!). 659s, 707 vw. 734 w, 765 vs, 
791 vs. 799 sh, 842 sh, 560 mw, 903 mw, 978 8, 956s w. O71 w, 985 vw, LOLS w, 1025 sh, 1055 mw, 
1095 w. 1138 sh, 1145 w, 1166 mw, 1174 sh, 1ISl sh. 1216sh, 1223 mw, 1245 mw, 1274 mw, 


1350 w, 1370 vw, 1385 sh, 1397 ms, 1405 sh, 1443 vw. 1467 vw, 1516 ms, 1578 ms, 


1328 vw. 


1623 w. 1640 sh, 1703 vw, 1802 w. vw, 1872 vw, 1944 w, 2030 sh, ca 2110 va, 


1600 s, 


2310 vw, 2790 vw, 3190 w 


\ pre jl soul recite Raman spectrum sat solution m Ct (em 519m, 1177 8, 
1220 m, 1258 m, 1268 m, 1383 vs, 1468 s, 1596s, 1627 vs 
Infra-red spectrum (KBr disk) r (em 744 ms. 752 m, 760 ms, 768 sh 808 vs, 822 sh, 857 5, 


882s, 930 ms, 9051 979 w. 1012 sh, 1019 w, 1065 w, 1110 vw, 1127 w, 1145 w, 1160 sh, 


1179 1218 vw, 1232 vw, 1254 w, 1270 w. 1358 w, 1367 sh, 1595 vw, 1443 vw, 1465 vw, 


1487 vw. 1504 8h, 1562 vw. 1584 w. 1602 mw, 1625 w. 1705 vw, IS55 vw, 1912 vw, 


980 vs. 2130 8, 2345 w, 2470 vwhbr, 2860 vw, 2040 vwhbr, 3070 


4. Phenanthre sotl nat Infra-red spectrum K Br disk) rv. (em™). 713 sh, 719 vs, 738 ms, 
748 vs, 760 vs, 7801 824 ms, 847 sh. 852 ms, S60 S73 102 s. GAS mw, 953 sh, w, 
L050 . 1091 _ 4120 mw, 1150 mw, 1168 ms, 1195 w, 1225s 1233 sh, 1238 mw, 72570 mw, 
1285 ww. 1303 sh, 1316 w, 1339 _ 1392 w, 1428 sh, 1438 w, 1455 ms, 1500 m,. 1530 w, 1602 ms, 
1625 sh. 1704 vw, 1732 vw, 1757 vw, 1801 vw, 1828 vw, 1902 w, 1937 w, 1975 w, ca. 2140 vs, 
99 mw, 2250 mw, 2440 vw, 29716 vw, 2843 vw, 3038 sh, SOOT 


4 nat Infra-red spectrum (KBr disk) (en 676 ms. 691 w, 708 vs, 

748 ms. 7558, 763s. 787 sh, 7035 s, 822 sh, S45 vs, mw. 965 mw, O75 sh, 

102s 1090 sh, 1108 mw, 1144 mw, 1157 w. 1177 w, 1191 m, 1220 w, 1245 mw, 

1258 s! 1299 sh, 1315 » 1827 w. 1336 sh, 1362 vw, 1372 vw. 1402 mw, 1412 vw, 1425 w, 

14401 1467 w. 1492 mw, 1508 w, 1547 1554 sh, 1596 sh, 1603 ms, 1630 w, 1638 sh, 1661 vw, 

1600 i722 1738 vw 175 w, 1785sh, 1798 w, IS7T2 sh, I886w, 19351 w, 2120 vs, 
)mwsh, 2350 vw, 2420 vw 9515 vw, 2720 vw, 2930 vw, 3045 sh, 5060 mw. - 


i 
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The vibrational spectra of organic isothiocyanates 


in this compound is 1-8 times as great when measured with a calcium fluoride 
prism as when measured with a rocksalt one. 

Table 9 lists the compounds studied with their extinction coefficients and 
integrated intensities, and, where available, measurements of the integrated 
intensity made by other workers. 

It is difficult to give a complete interpretation of these results, but it seems 
significant that the intensity of the »,.NCS band in aromatic isothiocyanates 
varies with substitution by +25 per cent at the most, whereas that of the vC-=N 
band of aromatic nitriles varies tenfold [50}. 

The intensities of the localized group vibrations of the isothiocyanates and 


isocyanates [3] are between ten and a hundred times higher than the intensities 
of most other group vibrations, and are comparable w ith those of the corresponding 
vibrations in other molecules containing cumulative double bonds (see Table 10). 
This observation supports our view that the characteristic frequencies of the 
NCS group arise from considerable interaction between the stretching modes of 
the double bonds and that the isothiocyanates should be formulated as —N=—-C—=S 
rather than —N*=C—S 
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Note added 24 August 1959 

Since this paper was submitted for publication, a recent paper by E. SvaTEek, 
R. ZAHRADNIK and A. Ksaer, Acta Chem. Scand. 18, 442 (1959), on the infra-red 
absorption spectra of some alkyl isothiocyanates has come to our attention. 
These authors identified a strong infra-red band at 1318-1348 em-! which was 
characteristic of the —CH,—NCS or >CH—NCS groupings. We observed such 
l assigned to 6 CH,, see Table 4) 


unassigned, see Table 5). In view of the 


a band in benzyl isothiocyanate (1350 cm 
and allyl isothiocyanate (1346 cm, 
above characterization of the 1346 cm~' band, it seems that our assignment of 
the 1121 em~! band in allyl isothiocyanate to the >CH, twisting mode is incorrect 
and that the 1346 em! band is due to this vibration. 

From the published absorption curves of SvATEK, ZAHRADNIK and KJAER 
the intensities of the 2100 cem~-' bands can be roughly estimated, and in general 
agree with our measurements. In particular their intensity value for methyl 


isothiocyanate agrees with ours rather than with that of CALDow and THOMPSON | 3]. 
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Abstract—The infra-red spectra f a wide variety of polyamides of diamine diacid and m-amino 


acid ne are reviewed. The amide—amide dip le interaction is the dominant factor controlling 
the packing and configurat ns of the molecules. Complete association occurs in all polymers 
und polymers. This imposes a distortion on the hydrocarbon segments out of the planar 
Z nficuration in the copolymers with differmg repeat init lengths, and in the diamine 


» odd numbers of CH, groups in either or both s ctions of the repeat unit, 


Introduction 


Tue configuration of high polymer 1 olecules in the solid state is controlled by 


both molecular factors For example, the potential barriers to 
free rotations about the bo vis forming the chain skeleton determine the flexibility 


or rigidity of the molecule. and the most stable configuration of the isolated 
“free” molecule. However, as BERNAl has pointed out recently [1], the energy 


and range of action of the intermolecular forces and their directional nature may 


determine to a iarge extent the configuration and packing ot molecules in close 
contact lhe strong intermolecular torces between polymer molecules containing 
very polar groups like polyan ides, or strong hydrogen bonding groups like 


ilose, Wil thus be an in portant factor in determining the behaviour of their 


X-ray diffraction has given a fairly reliable picture of the structure of the 


ervstal lattice in the ordered regions for seve! il polyamides (6-6, 6-10, 6 and 11) 


but the properties of polymers In Use depend also on the dis rdered structures 
pro} por 
present Le. on the poly er texture For ex imple in textile fibres, moisture 


take and rate and extent of dye uptake are two ver) important properties 


an on the iration of m jlecules in the amorphous regions 


Infra-red spe troscopy has ntrib ted considel bly to the study of inter- 


e forces and to the structure and texture ol high polymers [22]. The 
advances the theoretical analysis of poly mer spectra made by SUTHERLAND, 
Krom and Liane, and by Tosrn (references in |=2)) have been very successfully 


d to polymers with a small number of atoms in their repeat units e.g. 


polyethylene, and its derivatives the polyvinyls. Polyamides have rather a large 
number of atoms per repeat unit with a correspondingly large number of normal 
modes ol ibratiol Nv! mn 6-6 has 38 atoms repeat with over LOU normal modes 


ill be infra-red active because of the low symmetry. 


P rp ited at American Uh 41 Society. 135th National Meeting, Bost yn, U.S.A., 6th April, 
and the texture of high polymers 


diacid polymers W 
16 
19060 
ceilul 
2 which dep 
tha: 
= 
most of which 
+ fl J. D. Bernat, Discussions Faraday Soc. No. 25, 1 (19538). : a 
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The infra-red spectra and molecular configurations of volyamides 
I 


Polarized infra-red spectra of polyamides are of limited use because even in 


a highly oriented specimen the amide groups do not have a unique direction. 


The “even—even” polymers have a triclinic unit cell which even in a doubly 
oriented polycrystalline specimen can have four orientations (Fig. 1-1). 

In diamine—diacid polymers with an odd number of methylene groups the 
amide group orientation and direction alternates along each chain (Fig. 1-1). 


extended chain config 


Similarly in the w-amino acid polymers those with an even number of (CH 
the repeat unit can have a triclinic unit cell with all amide groups in a 
orientation within the cell (Fig. 1-Ila), or a monoclinic cell with the amide 
directions alternating between adjacent chains (Fig. 1-Llb). Those with an odd 
number of (CH,) groups have amide groups alternating in direction and orientatio! 
along each chain (Fig. 1-L1). 

Thus, except for those transition moments which are closely parallel or per 
pendicular to the chain directions, the observed dichroism will be lowered, 
Unfortunately the transition moments of the in-plane modes of the CONH group 
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are all inclined to a greater or lesser extent to the orthogonal directions of the 
chain axis [22]. Qualitatively polarized spectra can assist in the assignments. 
In the work to be described an informal approach along three main lines has 


been made 
(a) Detailed study of the intermolecular forces in polyamides. 


(hb) Examination of homologous series of polymers (even-even; odd—odd, ete.). 


(c) Study of the rate and extent of H—D exchange. 


Structure and no mal ” odes ot mbhration of the | INH qroup 


The planarity of the CONH group has been well established, and in 
acyclic structures the O and H atoms are in the trans form about the C—N bond. 


Pauling. long ago, described its structure as a resonarice hybrid of O—C—N and 
() 4 N+. In LCAO-MO terms there is interaction and mixing of the 7 orbital 
of the C—O and the lone pair orbital of the N atom—all of which are formed 
from 2P. atomic orbitals—with the o bonding orbitals of the O,C and N atoms 


in the (sp*) hybrid configuration This 7p interaction not only lengthens the 


O—C' bond and shortens the ‘ N bond relative to normal valence bond structures, 


but is responsible for the high polarity and polarizability of the group [6, 8}, and 
couples the C=O and ¢ N stretching vibrations even though their frequencies 
are not necessaril\ mechanically degenerate. 


Assignment of the observed frequencies to modes of vibration of the amide 


group proved difficult until FRASER and Price [2] showed that in addition to the 
electronic coupling of 3 , and rr» there was mechanical coupling between 
y...« and the in-plane dy,. Their analysis explained very well the frequency 


shifts on deuteration and has been refined and extended by MIzuSHIMA and his 
co-workers [3] and by SurHERLAND ef al. [4]. Their work on model amides has 
shown that it is probable that modes II’, 111, IV and VI are often coupled with 


other frequencies of the hydrocarbon segments. 


cm 
3300 
1640 


1545 


1470) 
1280 


690 


ca. 600 


CONH Fre 


Fig. 2. N-t onosubstituted amide frequencies. 


The assignments and typical values for the solid-state frequencies are presented 


diagrammatically in Fig. 2. 


2) R. D. B. Fras nd W. C. Price, Nature 170, 490 (1952). 
T. Mryazawa, T. SHrmanovucni and 5 Mizusuia, J. Chem. Phys. 24, 408 (1956); Thid. 29, 611 (1958) 
{4) M Beer, H. B. Kess_er and & B. B. M. SurHertann, J. Chem. Phys 29, 1007 (1958). 
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The infra-red spectra and molecular configurations of polyamides 


Clearly any intra- or intermolecular factors which can modify the electron 
distribution in the OCN group (inductive or mesomeric effect of substituents 
intermolecular forces, etc.) will produce a complex pattern of frequency shifts, 


since both and coupling will be modified. 


Interactions and frequency shifts of the CONH group 

When the environment of the CONH group in simple amides is changed from 
complete association in the pure liquid or solid to complete dissociation in a non 
polar solvent the following frequency shifts are observed | 4-7]: 


Mode Shift (em?) 


170 
Amide I 40) 
Amide II 1) 
Amide III 35 
Amide V * lowered (out of range 


of NaCl optics) 


The frequencies of the CONH groups in polyamides should thus give a sensitive 
indication of any differences in their environment. 

The nature of the interaction mechanism has been examined in detail for 
simple amides [6-9]. While the amide O is a strong proton acceptor in hydrogen 
bonded systems the amide N—H is a relatively weak proton donor. Because of 
this, the amide—-amide hydrogen bond is potentially weak and the dipole-dipole 
forces are a competing interaction. The dipole interaction energy between two 
isolated colinear ~OCN* groups has been computed as 3-3 keal/mole for an O to 
N contact of 2-88 A [9]. 

ArripGE. in our laboratories, has extended this calculation to a lattice of 
point dipoles in the configuration of the 6-6 structure. The potential energy of 
one dipole in an infinite lattice was computed at 6-5 keal/mole for the dipole 
dipole terms. The dipole—induction terms will be of the order of 10 per cent of 
this. giving about 7-2 keal for the total molar energy maintaining the ~OCN 
dipoles in alignment. ARRIDGE has made a similar calculation for the # extended 
form of poly L-alanine using unit cell data kindly supplied by Dr. A. ELLiot 
(Courtaulds Ltd., Maidenhead, England) and arrived at an interaction energy of 
4-2 keals/mole per CONH dipole. The polypeptide has a much higher concentration 
of polar groups than 6-6 nylon some of which contribute repulsion terms in the 
summation thus lowering the total attractive energy per dipole. This dipole 
interaction energy must be involved in the «— / configuration change which 
many polypeptide and protein molecules exhibit. 


'5) R. B. Riewarps and H. W. Tuompson, J. Chem. Soc. 1248 (1947) 

(6) C. G. Cannon, Mikrochim. Acta Nos. 2-3, HSS (1055 

fT) S. Mizvsumma. M. Tsusor, T. SuHrmanovucni and Y. Tsupa, Spectrochim. Acta 7, 100 (1955 
[8} C. G. Cannon, J. Chem Phys. 24, 491 (1956). 

{9} C. G, CANNON, Discussions Faraday Soc. No. 25, 59 (1958). 
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The X-ray analysis combined with normal bond angles, and polarized spectra 
of single crystals of model amides such as NN’ diacetyl hexamethylene diamine [10] 
or acetanilide |11] show than the NH bond direction is inclined to the N---O 
line by up to 20°. If the NH---O hydrogen bond interaction controlled the 
configuration of the molecules in the region of the amide—amide contacts, we 
would expect the N,H,O atoms to be collinear and in particular the NH bond 
collinear with the axis of the lone pair orbital of the O atom for maximum hydrogen 
bond strength. The departure from these conditions shows that the dipole inter- 
action dominates the amide—amide contact and is the main controlling factor in 
determining the intermolecular configurations. 


{ nl or and Yep jim structure 


The fairly sharp strong vy,_ band at 3300 em-! almost invariably shows two 
satellite bands at 3200 and 3070 em~!. These disappear on N substitution or N 
deuteration and are therefore related to the ry, vibration. The frequency shifts 


with te! pel iture of nyion 6-6 show clearly the origin of the satellites and clear 


up the controversy on this point [22]. From the date given in Table 1 the 3200 em~ 
shoulder is assigned to (amide I amide I[) and the 3070 cm~! band to 2 
(amide 
lable 1. Effect of temperature on nylon 6-6 frequencies 
Observed fre quencies Calculated frequencies 
(em (em?) 
Per 
Amide Amid 
Trice Triicie 
det 2 I 2 Il 
I 
S301 S200 3073 1640 1540 3280 S180 3080 
160 210 S195 3064 1645 1538 3200 3183 3076 
P15 3105 3056 16653 3326 3195 3060 
26S 00 1668 525 3356 3193 S050 
15S 56 13 30 
‘| he obs rved freq ie! cy of the band near 3070 em . is plotted against the 
amide IL frequency for a large number of polyamides, oligomers and N-alkyl- 


al ides in Fig a The linear ct rrelation connirms the assignment. We might 
the combinations (1 IIL) and (II II[) but these will overlap 


On deuteration, the polyamides and simple amides [4], show two main Yep 
peaks of nearly equal intensity at 2470 and 2414 em~!. This splitting is assigned 
to Fermi resonance of r,, with amide II amide LIL’ (1470 975 2445 cm). 
This is alternative to SurHERLAND’s choice of (1299 1126), both very weak 


bands [4], whereas amide LI’ in polymers 1s very strong. 
The most important fact which emerged from this analysis is that yyq_ and 


Ls EM Pr R \ 932. 105 (1955). 
11} N. 1 A. Proc. Roy. Soc. A 234, 247 (1956 
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8. Correlation of 3070 em! band with amide IT. 
@ Polymers, oligomers, N-alkylamides; 
Heated nylon 6-6. 


2 » (I) do not couple and split although their frequencies are closely degenerate. 


These modes must therefore be of different symmetry species. In the —COND 
group, however, vy» and (I1’ III’) must be the same species. 


Review of spectra of polyamides 
The spectra of the polymers were obtained from solvent-cast films or annealed 
polymer ground in Nujol. In both cases the material was in general highly 
spherulitic with well-developed crystallinity as judged from X-ray diffraction 
patterns. The spectra have been recorded on a Perkin-Elmer 12C spectrometer 
equipped with LiF, NaCl and KBr prisms or a P.E.21 spectrometer with NaC! 
prism and are published in the D.M.S. Catalogue of Spectra | Butterworths, London 
Since the original spectra can be consulted in this catalogue, only comparative 


line-diagram spectra are given herein. 


Model compound and polyme y spectra nylon 6°6 


COWELL has synthesized a series of pure crystalline oligomers of diamine 
diacid polyamides [12] and their spectra have also appeared in the DIW.S. 
Cataloque of Spectra. Fig. 4 compares the spectra of a few model compounds with 
the polymer. For simplicity in naming, the diacid segment is labelled A (adipic 
acid) and the diamine segment D (hexamethylene diamine) so that, for example, 
DADAD is the nylon 6-6 24 mer with basic end grot ps. The first four model 
compounds in Fig. 4, with alkyl end groups, and DA DAD, show how rapidly their 
spectra approach the polymer spectrum in appearance ¥ ith increasing degree of 
polymerization. This negligable effect of chain length on the observed frequencies 
above a very low degree of polymerization means that, unlike polyethylene, the 
phase relations of the modes of vibration of successive repeat units along any one 
polyamide molecule are unimportant in determining the selection rules and we 


[12] C. D. Cowetr, Chem. & Ind. (London) 577 (1954). 
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can make assignments by comparison with model low molecular weight com- 
pounds with some confidence. ‘The main assignments which are given are con- 
sistent with the dichroism observed in the spectrum of an oriented polymer film. 
All the —CONH— group frequencies of the 14- and 2}-mer models are practically 
identical with the polymer frequencies even though the models were crystalline 
solids but the polymer was partially amorphous. 


Assignments 


Fig. 4. Spectra of 1 lon 6-6 dels and polymers. N.R not recorded, In this, and 
juent figures, full line resolved band; dotted line houlder 


In the spectra of « riented polymer films the bands in the region 1300 to 


1150 em~ all show parallel dichroism. On N-alkyl substitution which breaks the 


¥o_v/dx_ coupling, the 1550, 1270 and 1200 em~ strong bands disappear, and, 
of course, also ryq and dyq. The amide Il’ band appears at 1460 cm 
overlapping cn,- (NN’-di-isopropyl 6-6). Partial N-deuteration has a similar 
effect; all the hands between 1300 and 1150 em l are weakened while 1460 cm 1 
and 975 em (LI’ and IIL’) appear. This suggests that, in this series of spectra, 


amide III couples with a mode of the hydrocarbon skeleton to give the two strong 


SOS 
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components at 1270 and 1200 em~', and maybe further splitting due to the crystal 


lattice accounts for the other bands. 

Although amorphous 6-6 films have not been obtained at room temperature 
we can get amorphous polymers by the steric hindrance of substituent groups; 
1-1 diMe 6-6 is an example. We find very small shifts in the amide I and If 
frequencies, they are both higher by about 5 cm 1 while v,,, and amide V have 
not shifted significantly at all. The sharp bands in the region of amide III are 
replaced by a rather broad absorption centred on 1275 em 1 i.e. little shift but 
lots of structure. The 1200 em~! band has disappeared, however. 

Another change which seems to be associated with crystallinity differences is 
in the fine structure of the 6CH, bands around 1450 em~, where four sharp 
bands of the crystalline polymer are replaced by two broad overlapping bands 
at 1460, 1430 em~! in the amorphous material. 


Fig. 5. Polarized infra red spectra of an oriented 6-6/6-10/6 copolyamide film. 


Analogous spectra are obtained of copolymers of 6-6 w ith 6-10 or 6 which have 
much reduced crystallinity. An example is given in Fig. 5 where the polarized 
spectra show that considerable orientation of the amide groups has been induced 
by stretching but the absence of fine structure in the 1450 em-! region shows that 
the structure is still essentially amorphous, w ith disordered hydrocarbon segments. 
The CONH frequencies are much the same as in the homopolymer, so that since 
we know their sensitivity to em ironmental changes (see above) we must conclude 


that the amide groups associate in the same way, and as strongly in the copolymer 


as in the homopolymer, despite the random array of differing repeat unit length 
along each molecular chain due to the adipie acid (four ‘ H,’s), sebacid acid 
(eight CH,'s), and @-amino caproic acid (five CH,’s) residues present in the 
copolymer. 

The spectra of 6-6 nylon at elevated temperatures, illustrated in Fig. 6, also 
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The shifts in vy_ and amide I, II and V which are pro- 
to be primarily due to thermal expansion 


No 


show similar changes. 
portional to the temperature seem 


increasing the amide—-amide contact distance smoothly and continuously. 


of nvion 6-6 with temperatur 
to 198% 3) ¢ ed rapidly to 136°C. 
5) Room temperature, 23°C. 
abrupt changes can be detected in the CONH frequencies which could be associated 
with the Brit crvstallographic transition 
of the proton magnetic resonance line width recorded by 
for 6°6 


to hexagonal packing in the lattice [13] 


or to the 
SLICHTER Both these changes occur within the range 100 to 150 


nylon. 


(13) R 
W. 


; 
G. 
‘AN | | 
| 
| 
| \ VV 
| 
| 
NN 
| /| J 
| | 16 
| n 
" ANY rn 
i\ 
\\ 
7 
Burtt. J. prakt. Chem. 161, 49 (1943). 7 
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In the melt the 1300-1150 em-! amide III group is replaced by a broad 
absorption at 1245 em~!. Topry and Carrano report similar changes in the spectra 
of nylons 6 and 11 [15]. Spectra 3 and 4 show differences between the rapidly 
quenched and the annealed films at the same temperature in the 1450 em~! and 
amide III fine structure. This fact confirms the assignment of the fine structure 
to coupling in the crystalline regions. 

We have examined in some detail the changes in the room-temperature spectra 
of nylon 6-6 due to annealing at a variety of temperatures up to the melting point. 
The specimens were prepared by Kuovury during the course of his very fine 
investigation of spherulite growth [16]. The annealing increases the crystallinity 
of the films and the associated spectral changes described above were fully con- 
firmed. In addition other bands could be assigned to the crystalline or disordered 
structures including the two previously chosen by STARKWEATHER and MOYNIHAN 
[17] at 1140 em (amorph.) and 935 em~ (eryst.). The assignment of these bands 
to specific modes of vibration has not yet been solved. 

No significant differences in CONH frequencies were detected between films 
containing positive or negative spherulites, or annealed but optically structureless 
films. 


Effect of concentration and intra-molecular orientation of CONH groups 

Intra-molecular substituents—6-n series. The spectra of a series of 6-n polyamides 
are shown in Fig. 7. In general as the number of CH, groups in the repeat unit 
increases the spectra become more and more complex. The CONH bands can all 
be assigned, however. 

The sensitivity of the amide I and IL bands to the intra-molecular effects of 
x-polar groups is clearly shown by the spectra of nylons 6-1, 6-2 and polyurethane. 
The aromatic ring in the polyterephthalamide (6-7') has the smallest influence. 


In the polyurea (6-1) the amide | and II frequencies have moved towards each 


other but in the polyoxalamide (6-2) they have moved apart. In the polyurethane, 
while an ide | has moved up to the region ot ester ( () freque icles, amide II 
and ILL have not shifted. These suggest that in the NHCONH group the 


7p conjugation is ine re ised but in the NHCO. ONH it Is deere ised as we 
would « xpect. The fact that in the NHCO.O0— group only amide I is shifted 
is difticult to interpret. The frequencies of the N-deuterated materials will be 
needed before these shifts can be more fully analysed. The spectra of the 
id 


remainder of the On poly mers show constant amide group fre ql er ies except for 


changes in the pattern of the complex amide ILI absorptions. There is no alterna- 
tion in any frequency as ” is odd or even and therefore there can be no difference 
in the degree or extent of association of the amide groups. 

Concentration | CONH groups, I-n series. Spectra of some 1-7 polymers are 
shown in Fig. 8. v,, is remarkably constant in all these polymers. Only the first 
member of the series nylon 1-3 shows any appreciable frequency shifts of an ide | 
(slightly up) amide II (25 em~! down), and amide V very broad at lower frequency. 


15) M. C. Toprx and M. J. Carrano, J. Chem. Phys. 25, 1044 (1956). 
16! F. Kuoury, J. Pol er Sci. 33, 389 (1958). 


H. W. STaRKWEATHER and R. E. Moynrman, J. Polymer. Sci. 22, 363 (1956). 
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The amide III region is complex but there is possibly a small increase in frequency 
with number of CH, groups 

There is an upwe ard trend in frequency of amide II, more apparent in 2 x Hl, 
the overtone, going from 1-3 to 1-10. There is no alternation between odd and 


even numbers of CH,’s in the diacid residue, however 


| 


4 


| 


Vv 


= not recorded 


Odd-—odd and odd—even The spectra and values of the repeat unit 
length of nylons 5-5, 5-6 and 5-7 are given In Fig. 9. ae ; 


“The se aa mers were st adie d because the *y are also close to 6-6 in concentration 
of amide groups along the chain and because in 5-7 with odd but equal numbers of 
CH,’'s between adjacent amides full association of amide groups can take place 
between fully extended planar ‘ (—C chains. In the others the association 


must be weakened if the chains are falty extended. 
We find in fact that r,, and amide I are at the same frequencies as nylon 


6-6 in all three, but amide If is higher in 5-7. Amide Ill shows no clear trend 
unless perhaps 5-6 is the odd man out. Amide V is higher in 5-5 and 5-7 than in 


6-6, but at 690 cm~* in . Clearly the amide association in these polymers is no 


weaker than in nylon 6-6. 
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The repeat unit lengths, determined from X-ray diffraction patterns of oriented 
samples by Dr. T. C. TRaNTER, show a c-axis contraction in all three but least in 


5-7. The fully extended chain configuration in the ervstalline regions of nylon 
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6-6 was established by Buxw and his colleagues | 18}. 
amide groups in these odd—odd and odd-even polymers is achieved, 
the expense of disordering the hydrocarbon segments from the fully 
planar configuration The spectra of other homologous series of polymers confirm 
1), 


| 


nd lin} 


Polypiperazine sebacamide Pip 10 for short, 1s 


ntertere steric: lly with the dipole association of the 


19) D. R. HoL_mes, W. Bunn and D J. viru. J. Polymer S 
rer. J. Polymer 36. 50 (19059 
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twain variations in ryy_ and the other amide frequencies are 


melting point (m.p. 166 ) despite the fact that there are 


the nitrogen and theretore no hvdroge “nl bonds between 


amide 
thus illustrates the small part which hvydrog ren bonding 
chain association of the linear polyamides with CONH 


show CONH frequencies very close to those of the 
X-ray analysis of their unit cell structures [19, 20] shows that full association of 


18) C. W. Busy and E. V. Garwer, Proc. Roy. So \ 189, 39 (1947 
7. 150 (19055) 


this conclusion. Some and 10 polymers are shown in Fig 
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Li 
al tug 


included in 


small 


amide 


groups. 


The full association of the 


therefore, at 


where 


and 


groups. 


series 


extended 


once 


cannot 
he related to odd or even numbers of ‘ H, groups in the hydrocarbon segments. 
this 
analogous to N-deutero or N- ulkyl 6-6, shows amide Il’ at 1435 em~! in place of 

ide Il and _ hands. Unlike NN’-diisopropyl 6-6 polymer, which is a viscous 
liquid at room temperature Pip. 10 polymer ts crystalline with a fairly high 


and, 


no hydrogen atoms on 


The 


piperazine ring is most probably in the chair configuration and thus does not 
This polymer 


contributes to the inter 


groups. 


Phe spectra of a series of amino ac id polymers are compared in Fig. 11. 


These 


diamine—diacid polymers. 


4 
= 
| VULe 
| | 1060 
Pe 
i 
Fig. 10. Spectra of 9-n 
| 
| 
| 


The infra-red spectra and molecular configurations of polyamides 


amide groups occurs, with the hydrocarbon segments in the fully extended planar 
configuration in both “odd” and “even” polymers. This occurs in the even 
structures by parallel arrangement of adjacent chains with the amide dipole 
directions colinear (II (a) Fig. | above). The “odd” polymers have an antiparallel 
arrangement of chains with an alternating tilt of associating dipoles (I1, Fig. | 
above). The differences in dipole interaction energy between the colinear arrays 
and the tilted arrays are not sufficient to produce any significant alternations in 
the amide group frequencies in the spectra in Fig. 11. Amide V is at a slightly 


3500 _ 2500 1000 500 

| (N)(N) Mizushiena 
the ef 

| 


| 


—— 


all 


€ 
« 
S 
Fig. 11. Spectra of @-amino acid polymers. (Nylon 2—from D.M.S. Catalogue, 
S. Mizusuima ef al.) (N Nujol overlap; N.R not recorded. 
J 


higher frequency in nylon 2, and both amide If and V bands are slightly higher 
in nylon 8. The amide III absorption is complex in the 1200-1300 em | region 
and no one band could be assigned to amide II] with certainty. Nylon 6 shows 
two strong bands at 1270 and 1200 em~! very similar to nylon 6-6 which are most 
probably assignable to the amide III mode split by coupling with a hydrocarbon 
frequency. 

The spectra of a variety of copolyamides with varying proportions of com 
ponents with differing repeat unit lengths have been recorded. All have shown 
CONH frequencies practically identical to the homopolymers described above. 
which implies full association of the amide groups. 


Hydrog de ute) rchang in polyan ide 


Deuteration by exchange with D,O is being studied by B. C. Srace in our 
laboratories. The extent of the exchange varies with the crystallinity of the 
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polymer films used and the temperature of the exchange. Typical results are 


collected in Table 2. 


Table 2. H-D exchange in polymer films 


tehvdrogenation 


Exchange in 
Residual ND 


Polymet Exchange conditions 


Liquid, room temp. 


6-6 (Quenched 


Vapour, Loo ¢ 
6-6 (Spheruliti Vapour, 23 ¢ 2s 3 
Swelled in H,O, then Os 
D,0, then H,O 
Liquid and vapout 26-37 3-5 
6-6/6-10/6 copolymet Liquid, room temp (a) 72 14 
(bh) 60 7 


referentially deuterated 
amorphous hand at 1140 em~! becomes very 
in H,O. The residual 


The spectra show that the amorphous regions are ]} 
since, for example, in nvlon 6-6 the 
DO but reappears on re exchange 


weak on exchange in 
ost probably contained in molecules 


ND groups which resist hydrogenation are 1 
which were originally disordered. but which cry stallized out on swelling in DO or 
on contraction when the D,O was removed. The more amorphous films show a 


Fig. 12. Rates of H D exchange and re-exchange. 


vreater extent of H—D exchange and also a higher percentage of residual N—D. 
Detailed analysis ot the many small changes nN inte! 
dassignmentsof frequencies toamorphous 
The residual 


sity and frequency on deutera 


tionand rehydrogenation leads tosuggest 
.s of both normal and deutero polymers. 


or crystalline configuratiol! 
much sharper and amide II is at a 


CONH frequencies after deuteration are 


slightly lower frequency. Thus the amide—amide contacts show a greater fluctua 


tion in disordered regions. 
The rates of H—-D exchange in 
helieve them to be diffusion controlled. 


polymer films are relatively slow and we 
Fig. 12 shows typical rate curves for 
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exchange and re-exchange. 


The attainment of equilibrium exchange is much 
accelerated at elevated temperatures, e.g. 100 hr at room temperature, 10 hr at 


Completely deuterated films have been prepared by Stace by adsorption of 
anhydrous DCI vapour. The DCI forms the amidonium chloride complex with all 
the amide groups, without disintegration of the film. At this stage the DC! 
cannot be removed even by high-vacuum pumping. The admission of water 
vapour immediately breaks the ionic complex, and by admitting D,O vapour 
100 per cent H—D exchange was achieved 


Discussion and conclusions 

This review of the infra-red spectra of polyamides leads to the major conclusion 
that, since the CONH group frequencies are practically constant and independent 
of the repeat unit structure in homo and copolymers, the amide—amide association 
is the main factor controlling the configuration and packing of the molecular 
chains in both ordered and disordered structures. The only significant shifts in 
frequency detected were associated with a major change in the chemical structure 
with a polar atom or group situated adjacent to the CONH group along the 
molecular chain (polyurea, polyoxalamide, polyurethane). Even the copolymers 
with a random array of differing repeat unit lengths along each chain show, at 
room temperature, complete association of amide groups with the same inter- 
action energy as in crystalline homopolymers (same frequencies) 

Triran and TeERENzI [21] have reached the same conclusion from their examina 
tion of the spectra of some 6-n polyamides and a variety of polyurethanes and 
copolyurethanes. In the polyurethanes a weak ‘“‘unassociated’’ NH frequency was 
detected at 3450 cm~! at room temperature which increased in intensity at elevated 
temperatures. From the temperature dependence of the association equilibrium 
they calculated an interaction energy of 8-4 1-6 keal/mole (cf. calculated 
electrostatic energy for nylon 6-6 of 7-2 keal/mole, above). 

As Triran and TereNz! and the writer [22] have pointed out, the many papers 
that have been written, by CHAMPETIER and co-workers in France |23], Him. and 
WALKER in England |24 


and KorsHak and FrRuNzE in Russia [25], seeking to 
explain melting point variations in polyamides based on assumed planar chain 
configurations and differing extents of CONH association, are quite incompatible 
with the spectroscopic evidence. Hotes ef al. [19] have discussed the melting 
points of polyamides with particular reference to the difference between nylons 6 
and 6-6. They consider possible effects of heats and entropies of melting but 
conclude that there is no simple solution to this problem. SLIcHTER has shown [14] 
that in even-even, even-odd and odd—odd polyamides there is a progressive 


contraction of the repeat unit length (least in the even—even series) associated with 


21) D. S. Triran and J. F. Terenzi, J. Polymer Sci. 28, 443 (1958). 


D9) ¢ G. CANNON, Physical Methods of Investiqating Textiles (Edited by HEARLE and MEREDITH 
Chap. 2. pp. 53-87. Interscience London (1959 
23) G. Cuampetier and R. Agtion, Bull. soc. chim. France, 15, 683 (1948); Bull. inst. textile F 


No. 28, 4 (1951); J. Polymer Se 8, 35 (1952); A PARISOT, Bull nat. textile France No. 54. 7 (19055 
24) R. Hint and E. E. Waker, J. Polymer Sci. 3, 609 (1948). 
25| V. V. Korswak and T. M. Frunze, Doklads Akad. Nauk. S.S.S.R. 97, 261 (1954); Tzvest. Akad 
Nauk. S.S.S.R., Otdel. Khim. Nauk. 1, 163 (1955); Zhur. Obshchei. Khim. 27, 1212 (1956 
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the narrowing of the proton magnetic line width with increasing temperature up 
to the melting point. This contraction and the line narrowing are ascribed to 
tortional motions producing a twisting in the hydrocarbon segments. SLICHTER, 
in his final speculation on the differences between even-even and odd—odd high 
temperature structures, still assumes that the configuration of the amide groups 
in a fully extended planar zig-zag structure is carried through to the high tem- 
perature form. i.e. that in the odd—odd structure only half of the polar CONH 
groups are associated. The spectroscopic results show that this is an erroneous 
assumption at room temperature and above. but this does not invalidate his 
discussion of the form of the potential barriers inhibiting CONH group rotation 
in the solid. 

We have to decide then how the hydrocarbon segments can deviate from the 
fully extended planar configuration to accommodate the complete association of 
amide groups in the odd-odd, even odd and odd-even polymers, and the co- 
polymers, at room temperature. In the amorphous copolymers it is doubtful if 
the planar zig-zag could extend over many CH, groups before some rotation about 
a (—C bond occurs to give a structure analogous to the random mixture of 
rotational isomers which occurs in the normal paraffins in the liquid state. The 
absence of crystallinity is then due to the variety of configurations of the hydro- 
carbon segments necessary to accommodate full association of the amide groups 
and. as we have seen above, this is consistent with the absence of fine structure 
in the OCH, band near 1450 

Despite the contraction of the ¢ spacing in the polymers with odd numbers of 
CH, groups in either or both hydrocarbon segments of the repeat unit, they are 
highly erystalline, with X-ray patterns comparable to the even-even polymers. 
The fine structure of the CH, absorption, enhanced by increasing the crystallinity 
on annealing an even-even polymer (e.g. 1474, 1466, 1416 em~ in nylon 6-6), has 
heen assigned to coupling between CH, groups in the crystalline regions. ‘This 
fine structure in 6 CH, is present the “odd” segment polymers as well. Thus, 
although the hydrocarbon segments are twisted out of the planar zig-zag, the 
displacements of ‘ H, groups are probably non random. 

The packing of the hydrocarbon chain segments in the lattice of polyamides 
is much more open than in the pure hydrocarbons (7 parafiins, polyethylene) 
where. since only non directional dispersion forces are involved, the structure ts 
close-packed | 26 The directional interaction of the amide groups 1s sufficiently 
dominant to overcome the tendency of the hydrocarbon chains to close-pack 
except perhaps in polyamides with a very low concentration of CONH groups | 27}. 

\ certain amount of twisting of ‘ H, groups out of the planar configuration 
can therefore be accommodated without unduly disturbing the lateral packing of 
the chains and, in particular the amide-amide contacts 

Since the CONH group frequencies are sensitive to changes in the association 
of the amide groups, any statistical distribution of amide—amide contact distances 
or of the angle between adjacent dipoles should lead to a broadening ol the 


absorption ba ds. The frequency will be relatively insensitive to small departures 
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from collinearity of the dipoles, since the interaction energy is a function of the 
cosine of the angle between them. The spectra show the expected effects—the 
absorption bands in copolymers are broader than in the crystalline homopolymers; 
on deuterating the amorphous regions the crystalline CONH bands are sharper 
than in the spectrum of the undeuterated material. These differences in band 
widths show that there is a distribution in amide—amide contact distance or 
angular configuration in the amorphous regions of the homopolymers but the 
frequency differences are very small indicating that the disordering of the inter- 
chain packing has only a small effect on the amide amide interaction. With 
increasing temperature up to the melt, the band widths increase and the frequencies 
shift, showing that the thermal expansion of the lattice, and the amorphous 
structure, is due to progressive weakening and disturbance of the amide—amide 
contacts presumably by the twisting motions of the hydrocarbon segments. The 
amide association is not broken even in the melt, since no unassociated amide 
frequencies were detected. This result substantiates SLU HTER’s conclusion that 
in the melt at any instant a high proportion of amide groups are in close association 
and that a preferred association already exists [20]. In solution at room temperature 
solid-state amide frequencies were observed for nylon 6-6 [6] showing that, here 
also, considerable preferred association exists. 

Although the amide groups are fully associated in the amorphous regions, 
D,O molecules can penetrate the disordered structure and ultimately deuterate 
by exchange the CONH groups. The long times involved are due both to the rate 
of diffusion of D,O molecules into the structure and the rate of diffusion out of 
the polymer of HDO (or H,O) molecules. The D,O never completely penetrates 
the crystalline regions even at elevated temperatures. Since the interaction 
energy of the amide groups is the same in both ordered and disordered regions 


perhaps entropy changes are involved in the swelling and exchange processes. 
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Introduction 
Over the past decade several types of source unit |1—4] providing intermittent or 
pulsed discharges, have been developed for the spectrochemical analysis of metals 
ind alloys 
From each of these source units a wide variety of discharges may be obtained 
according to the combinations of Capac ity inductance. resistance repetition rate 
and voltage that may be selected. The problem therefore arises as to the choice 


of the most efficient combination of these electrical variables for the analysis of a 
particular alloy 

This problem was first considered by HAsLter and Kemp [5 

multisource’ [1], established that different metals and alloys required specific 


who, using the 


source settings for optimum analytical efficiency BEALE ![6). using the “general 
nit g.p.s.u.) of WaLsu [2] reported similar findings. However, 


ise of these and similar units fo spectrom hemical analysis very 

surveys of the analytical characteristics of pulsed discharges have 

‘ported, although their electrical characteristics have received 
l—4, 7, 13, 14 

velopment in these laboratories of a pulsed are source unit 

s were initiated to correlate the electrical and spectral charac 


lsed discharges used for the analysis of a wide range of metals and 
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alloys. The first of these investigations on zine-base alloys, by SINCLATI 8], has 
been reported. 

Of similar investigations undertaken elsewhere, only that of Cor iss [9], who 
studied the changes in iron spectra produced by variations in the electrical para 
meters of discharges from a “‘multisource’’ unit, has embraced a high proportion 
of the discharge types ay ailable. Others. involving a narrower range of discharges, 
have been the studies (a), by Mitnourn [10], of the behaviour of various metals 
when excited by discharges from a ‘‘g.p.s.u.” in which an attempt was made to 
correlate the phy sical and spectral properties of the metals. and (b), by SCHATZ 
[11], of the source conditions most suitable for the spectrochemical analysis of 
brass. 

The present paper describes the investigations undertaken here to determine 
the spectral characteristics of pulsed discharges when used to excite spectra from 
a brass-type alloy. 


Aims of investigation 


In the earlier paper [8] on zine-base alloys it was shown that optimum electrical 
conditions could be specified for the detection of particular impurities, but that 
no one set of discharge parameters would give maximum sensitivity for all elements. 
However, the results indicated that a compromise could be chosen which would 
give adequate sensitivity for the detection of impurities at the level usually found 
in zine-base alloys. Of more significance was the fact that the spectral characteris 
tics, and in particular line/line ratios, were found to be dependent mainly on the 
peak current of the discharge and that this parameter would have to be controlled 
with the same proportionate precision as that re juired in the analysis 

Pulsed discharges have been little used for the analysis of impurities in copper 
alloys since, relative to d.c. are excitation, they have shown inferior sensitivities. 
BEALE [6] and Scuatz{11, 12], using respectively the “g.p.s.u.” and ““multisource 
have reported sensitivity limits of the order of 0-01 per cent for impurities in brass, 
for methods employing solid electrodes. These limits. however, are too high for 
use on high purity alloys and arcing eithe globules or powders has been necess ry 
in order to obtain adequate sensiti\ ity. Since a wider range of discharges can be 
obtained from our unit than from those available elsewhere, it seemed probable 
that a lower limit of detection of impurities In coppet alloys might be reached 

In the light of these previous results the aims of this investigation were 

(a) To determine the effect of variations in discharge conditions on the sensi 


tivity of detection of impurities in a typical coppel hbase alloy ind the ultimate 


limit of detection which might be expected from pr lsed discharges using a point-to 


plane arc-gap geometry. 
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(hb) To determine which electrical variables are most critical in their influence 
on line/line ratios 
c) From the results of (a) and (b) to predict the discharge conditions most 


suitable for the spectrochemical analysis of impurities m brass 
While it was thought during the earlier investigations that discharges from 
these source units might be adequately specified by means of the circuit variables, 


capacity, resistance, inductance, voltage and repetition rate, it Is now generally 
considered that the only satisfactory 0 ethod of specifying discharge conditions 


is in terms of the actual discharge parameters such as pulse current and duration. 


Source unit 


The original “condensed are” (later renamed “pulsed are’) source unit used 


for spectrochemical analysis in these laboratories has previously been described 
3 In its more recent forms the basic discharge circuit remains unaltered but 


some modifications have been incorporated in the design to provide an even 


wider range of pulsed discharges 


L2 R3 Li Ri 


| voltmeter ‘4 phase condenser short 
j l S fi.l. trans SO L2 short 

i] Ad is 1: hv. trans d.c.—a.c, selector 

ter T3 ] | wolating trans S7 frequen selector 


In the unit employed in this investigation the principle modifications made to 


the original circuit are 
1) The ranges of capacity and inductance have been increased to provide 


discharges of up to 40 msec duration. 
(2) The range of discharge frequency has been increased to provide pulse 


frequencies of from 10 to 100 per second. This has been achieved by using a 


trigger generator controlled through a resistance and rectifier instead of a sy nchro 

nous spark gap. 
The circuit diagram of the modified unit is given in Fig. 1. Two of the current 
btained from the unit are given in Fig. 2. 


wave-torms 
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Measurement of electrical variables 


As stated earlier, it is desirable to specify the pulse parameters rather than the 


circuitry used in obtaining the pulse. The current pulse can be completely de 
scribed by specifying its shape, amplitude and duration. 


“a In this work the pulses have been limited to the two shapes shown in Fig. 2. 
< Fig. 2(a) shows the “half sine wave” or L-type pulse obtained by using predomi 
7 nantly inductive impedance in the discharge loop. The “cut-off” exponential or 
R-type pulse (Fig. 2b) is obtained with a purely resistive discharge loop. 
In general, following the experience of SixcLare [8] on zine alloys, the peak 
current has been used as the current parameter. This was measured directly by 
oscillography, and also caleulated by the following formulae: 
For L-type I, (Ve (C/L) 


R-type 
where /,, peak current; V, = voltage across C, at initiation of discharge; 
V, = gap voltage (approx. 50 V); C, L and R are values of Cl, Ll and Rl 
(Fig. 1). Close agreement was found between the measured and calculated values 
over the range used, viz. from 3 to 50 A. 

Mean currents were also used to some extent, following the work of KAIseR 
[13] and Lagva [14] on the energies dissipated by oscillatory spark discharges. 
These were calculated from peak currents and durations by the following 
formulae: 


L-type pulses a 21/7 0-637 
R-type pulses r)/In(1/r) 
where /,. mean current and r 1,/I,. I, is the current at time up to which 


mean is to be taken, usually at extinction of pulse. More simply the mean current 
can be determined by measuring the charging current /,, with ammeter A, (Fig. 1), 
and using the formula: 
where .V number of pulses per second and ¢ = duration of pulse (sec). 
Pulse durations were determined by measurement with an oscillograph and 

also calculated by the formulae: 

L-type pulses t a( LC) 

R-type pulses t RC In x) 
where /,. is the current at extinctoin of pulse (/,, has been found to vary between 
0-7 A in low peak current pulses and 2-5 A in high peak current pulses). Again 
close agreement was found between the two sets of values except with the R-type 
pulses at low peak current when the measured values were preferred, since small 
errors in the value of /,. would be significant. Durations of from 0-3 to 40 msec 


were used with L-type pulses and from 0-3 to 10 msee with -type pulses. 


Summary of source and optics details 
Spectrograph. Hilger E 492 large quartz spectrograph. 
Shit. 2 0-03 mm. 


Anode. Upper electrode, graphite, 10 mm diameter; 90° conical tip. 
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Cathode. Flat end of chill cast rod 2 in. diameter x-brass containing Zn, 26-6 
per cent, Ni, 0-025 per cent, Pb, 0-015 per cent, Sn, 0-009 per cent, As, 0-06 per 


cent, Mn, 0-01 per cent, Fe, 0-025 per cent, P, 0-05 per cent, si, O-O1l per cent, 


Sb, 0-025 per cent. 

Gap. 6mm (4mm in low energy resistive discharges where erratic arcing 
occurred with the wider gap). Traversed by air stream of approximately 50 
em/sec which assisted reproducibility and prevented the onset of a continuous 
discharge in the long duration pulses. Only light from the 2 mm adjacent to the 
cathode was recorded. * 

Condensing lens. Source focused on the spectrograph collimator by a quartz 
condensing lens. (The focal length of the lens was chosen according to the lumin 
Osity of the discharge and varied from 8 to 90 cm.) 

Pre-burn time. Depending on mean current, 5 sec for 2 A. 10 see for 1 A, ete. 

Exposure time. 30 see (except for discharges at extremes of luminosity where 
from 20 to ISO) sec were required in order to provide exposures of suitable back- 
ground intensity) 

Discharge frequency. The pulse repetition rate was varied between 100 and 10 
sec-!. For the low energy discharges 100 sec! was used: as the mean current 
was increased the repetition rate was decreased to avoid undue electrode heating. 
The maximum repetition rate was also limited by the natural frequency of the 
dist harge. 

Sustainer bridget adjustment. Combination of minimum capacity at C2 (Fig. 1) 
and maximum resistance at R2 to give stable operation. (C2 t-12 wF, R2 


5O—1L00 
Measurement of spectral characteristics 


rhe spectra were recorded photographically and line and background intensities 
determined directly from the plates by means of a microphotometer fitted with 
intensity scales [15]. From the intensity measurements the following spectral 
characteristics were calculated 

a) Line to background ratios which indicate sensitivity of detection of im- 
purities In ceneral, the lines used were the most sensitive accessible lines of the 
impurity elements although some other lines of interest in interpreting discharge 
conditions were also included Table 1 shows the wavelengths of the lines 
used. 

h) Line to internal standard line ratios, whose variations with changes in 
pulse parameters would give some indication of the effect of changing conditions 


and therefore of reproducibility of analyses. 


Results 
The experimental results are displayed in the form of graphs given in Figs. 


8—7. in which each point represents the mean of at least six determinations. 


x) ente here nf ed Scuatz’s observation | 12} that the highest sensitivity is obtained 
ising the samp s catl ina re rding light trom a short port on of the gap near the « ithode. 
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Table 1. Wavelengths and excitation potentials of lines used 


Wavelength Excitation potential* 


(A) (eV) 


Klement 


Cul 2858 
Cul PROS: 
2833- 
Snl 2840 
Asl 2860-5 
Mnl 2794- 
Fel 3020 
Nil 3050- 
Ne $3208 
2949-8 
Znl 2670-5 


* Obtained from tables by Moore [16] and BachER and Goupsmrir [17 
Includes ionization potential of 7-40 eV 


Sensitivity 

Sensitivity of detection of an impurity element by spectrographic analysis is 
basically dependent on being able to distinguish its characteristic lines against 
spectrum background. For the purposes of this survey, changes in the ratio of line 
intensity to background intensity are taken to indicate quantitatively changes in 
relative sensitivity as source conditions are changed. Assuming a linear relation- 
ship between concentration and line intensity, the line to background intensity 
ratio may also be used to determine the limit of sensitivity, after the method of 
Haster and Kemp [5] who proposed that the limit is reached when the line 
intensity is equal to a fixed fraction of the background. It should be noted 
that under these conditions the limit is also dependent on the spectral resolution 
obtained at the wavelength of the line used. 

Curves of relative sensitivity, for some of the lines listed in Table 1, against 
the discharge parameters peak current and pulse duration, when using both L- 
and #-type pulses are given in Figs. 3 and 4. Some comparable data from 
continuous ares are given in Fig. 3. 


E ffe ct of change sin pe ak current 


The overall pattern of the curves given in Fig. 3 shows that, for pulses with the 
same duration, the sensitivity with all the lines (except the Mn spark line) initially 
increases with increasing peak current but passes through a maximum as the 
current is further increased. 


The decrease in sensitivity at the higher currents can be attributed to either a 


preferential excitation of the background and lines from ionized atoms, as in 
spark discharges, and/or to a decrease in the amount of metal vapour in the gap. 


16) C. E. Moore, An UTtraviolet Multiplet Table, U.S. National Bureau of Standards, Circular 488 
(17) R. F. Bacuer and 8. Goupsmir, Atomic Energy States. MeGraw-Hill, New York and London (1932). 
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Fig. 3. Variations in line background intensity ratios plotted against 
peak current at constant pulse duration 


It is difficult to dissociate concentration effects from excitation effects but the 
fact that the MnIl 2949/background ratio is still rising while the ratios of the 
neutral lines are falling, would indicate that the general decrease in sensitivity at 
high peak currents Is due predominately to the excitation condition, with the 
peak current favouring ‘on formation and background excitation. 

Individual elements are seen to require different peak currents for maximum 
sensitivity. This could possibly be due to the variation in excitation potentials of 
the lines selected for measurement since two lines of the same element with 
dissimilar excitation potentials behave individually. This is illustrated by the 
line pair Cul 2858-2 (e.p. 9-1 eV) and Cul 2858-6 (e.p. 5-7 eV). However, no 
correlation could be found between excitation potential and peak current for 
maximum sensitivity and the shift in peak current with different elements most 
likely arises from differences in their vaporization properties. 
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DISCHARGE PARAMETERS 
Fig. 4. Variations in line/background intensity ratios 
plotted against pulse duration at constant peak current 


Since the maxima are broad it is possible to select a peak current that gives 


sensitivities for all elements within 10 per cent of the maximum for each duration. 


The compromise optimum peak currents at various durations are set out in 
Table 2. 


Ta 2 


Duration (msec) 0-3 l 3 10 30 d.e. 


Optimum for L-typ 


Optimum J, for R-type 32 25 24 22 


*Excluding results for As as they appeared to be anomalous. 
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Eff cl of chanag pulse duration 


The effect on sensitivity of the duration of pulses with the same peak current 
is shown in Fig. 4. Curves of five of the impurity lines measured, which demon 
strate the ty pes of duration effects encountered, are presented 

Che results show that, in general, an increase in pulse duration provides 
improved sensitivity. However the rate of increase in sensitivity, over a particu 
lar range of duration, Is seen to be dependent on the element. the excitation 


potential of the line. the type ot pulse and the peak current 

Are lines of the majority of the impurities, as typified by Fe 3020, for all but 
the highest peak currents, show an i itial rapid increase in sensitty ity with increas 
] pulse duration but the rate of increase diminishes towards the higher values 
snd the sensitivities tend towards a limit This limit, which varies with the peak 
eurrent. is of the same order as that obtained with d.c. ares and is reached at 
shorter durations as the peak current Is raised, as shown by the flattening of the 
hich current curves 

In the case of As 2860, increases 1n pulse duration can have a negative effect on 
sensitivity which results in a definite peak being present in the curves, there 1s 
therefore. for this element, an optimum value of pulse duration for maximum 
Sensitivity 

L- and R-type pulses produce eurves which differ in that the latter are gener 


ally steeper for all peak currents and, up to the highest value of duration used 
1) msec). show less tendency to reach maxima Fig. 3 also shows that with A-type 
pulses maximum sensitivity occurs for the most part at the same peak current 
but that with L-type the peak current giving maximum sensitivity falls with 


increasing pulse duration 


\ comparison of the curves obtained for L- and R-type pulses shows that 
discharges wit! the same peak current und duration but different pulse shapes 
produce spectra with different characteristics for instance the sensitivities of 
R-tvpe pulses are lowel It theretore follows that the parameters peak current 


i do not alone specity the discharge conditions 


rhe results obtained by Karser [15 and Laeva [14] on oscillatory spark 


ischarges livvested that othe parameters such as the mean powell being dissi 
nated in the gap, might assist in specifying discharge characteristics 

since the gap power Is the prod ict of yap volta and current al d since the 
yap voltage is substantially constant throughout the duration of the pulse, 1 has 
rent found more convenient here to use mean pulse current as an index ot yap 
powell iriations rather than power or energy 

{ rv tf sensitivity s. mea pulse current at constant pulse duration for 
two of the lines mie ywured are shown In Fig. 5 the results tor both L- and R-type 
pulses bene cluded on the same graph Results for the lines of the other elements 
measured he betwee! these two extremes 


For a pulse parameter to be suitable for specifying the spectral sensitivity of 
. discharge irrespective of pt Ise shape it would be necessary for the sensitivity 


curves of both pulse types to come ide at all values of the parameter. The curves 
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given in Fig. 5 show that the parameters mean pulse current and duration do not 
completely specify the discharge conditions for the pulses we have used with the 
exception of low current discharges in the case of Ni 3051. Most elements show a 
greater difference between pulse shapes when the mean current is high. 


5 


x 


RATIO 


BACKGROUND 


CURRENT 


ame 


Ors 


DISCHARGE PARAMETERS 


Fig. 5. Variations in line/background intensity ratios plotted against me 


an 
current and peak current at constant pulse duration 


Further investigations are being carried out to determine what other pulse 
parameters might specify more completely the discharge conditions obtained 
with these pulse types. The effect of pulse shape on spectral characteristics is also 
being investigated using time-resolved spectroscopy in which the range of pulses 
studied will be extended to include other shapes. 


Excitation of band lines 

Band or air lines, if strongly emitted, mask impurity lines of low intensity 
and complicate the application of background corrections. Discharges with low 
levels of band line emission are therefore preferred for analytical applications. 
Are gap conditions prevailing during pulsed discharges are conducive to the 
excitation of air lines owing to the replacement of air in the gap after each pulse 
is extinguished. These conditions apply particularly to low peak current discharges 
and extend to those giving maximum overall sensitivity. 

Some indication of air line emission can be obtained by comparing the intensity 
of an air line with those of background or metal lines in the same spectrum. The 
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nitrogen line at 3208 is a typical air line and Fig. 6 shows how its ratios with 
adjacent background vary with discharge conditions. 
It is seen that band line hackground ratios decrease rapidly with increasing 


eak current Pulse duration also affects band line emission, varticularly in 
] 


to the extent of peak current. 
eo that in discharges giving maximum 


R-type pulses, but not Total suppression 1s only 


whieved at very high peak currents 
sensitivity band lines are still \ ‘sible. Consideration must therefore be given to 


the possibility of confusing hand lines with impurity lines where they coincide 


BACKGROUND 


8 


RATIO 


INTENSITY 


In ceneral it would be preferable for 


end to the necessity of n aking corrections. 
and thereby increasing accuracy, 


facilitating background measure ments 
. choose a discharge condition m which band line emission is reduced to negligible 
tions with oni i slight sacrifice mn SeNSITIVITS This is 


Fic. 3), near their maxima, are 


possible ince the 


of sensitivity vs. peak current 


h smaller than those ot hand line curves in the same current range 


Line line ratios 


rhe results obtained on line pair ratios are depicted in graph form im Fig. 7, 
being specitied by the pulse parameters peak current, 


the discharge col ditions 


duration ana shay 
satisfactorily the results given mn Fig. 7 it is necessary to 


In order to expla 
in the ratios evident in the curves. 


consider the possible origins of the variations 
When a homogeneous sa nple is excited, line pair ratios are dependent on: (a) the 
the gap. (b) the difference in excitation potential of the two lines, 


temperature of gay] 
r of the two elements In the gap. If the 


and c the relative amounts of vapou 
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excitation potentials of the two lines are similar, only large variations in discharge 
conditions affect ratios through the agencies of (a) and (b). However, relatively 
small variations can affect the vapour composition when the electrodes contain 
elements with dissimilar vaporization properties. 

9 


SCHARGE PARAMETER 


7. Variations in line/line ratios plotted against peak current and pulse duration 


The lines Fe 3020, Ni 3051, Pb 2833, Sn 2840 and Mn 2794 have essentially 
the same excitation potential and their ratios with Cu 2858-6 would be affected to 
the same degree by variations in discharge conditions if excitation potential 
effects predominated. 

It is seen, however, that differences exist between the line pairs which indicate 
that variations in discharge parameters affect the composition of the gap as well 
as the excitation conditions. Thus it seems unlikely that in the analysis of an 
alloy of this type, if all the lines arise from neutral atoms, variations in line pair 
ratios can be significantly reduced by employing different internal standard lines 
for each impurity line. 

For the purpose of assessing the analytical applications of pulsed discharges, 
the information desired from the results was: (1) which of the discharges, of the 


group giving high sensitivity, would be expected to give the smallest variations in 
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yulse parameters, and (2) which pulse para- 


ratios over a 10 per cent variation in } 
line pair ratios and therefore over 


meter exhibits the greatest influence over 
analytical reproducibility. This parameter, therefore, would require the greatest 
control. 

The impurity most 
parameters have an effect. On the other hand Mn 2794 appears to be 
s-type pulses and only slightly less so 


susceptible to source variations is lead, on which all dis- 


charge 
quite homologous with the copper line in J 
in R-type. Mn 2949 is a typical spark line showing variations due to excitation 
effects. 

Using Fig. 7 only as a guide to optimum conditions for precision of analysis 
one would select a peak current and a duration 
of all important elements had a low slope. 
2») A and duration | msec appears 


and ignoring relative sensitivities, 
such that the line/line ratio curves 
For example an L-type pulse with peak current 
suitable. With this combination, however, the sensitivities are only a quarter to 
one-half of the maxima possible. 

A good combination giving highest sensitivity for all elements is an L-type 
pulse with 10-15 A peak current and 5-10 msec duration. With this combination 
the rate of change of analytical line/line ratios in response to changes of peak 
current or duration is not large except for lead and nickel. A 10 per cent increase 
in peak current causes about 5 per cent decrease in Pb 2833/Cu 2858-6 and about 
4 per cent decrease in Ni 3051/Cu 2858-6. For other elements the change is less 
than 3 per cent. 

In general peak, 
than does duration, but neither parame 
The scatter in analytical results likely to be introduced by variations 
photographic recording errors. It 
ling methods to determine the 


current has a slightly greater influence over line/line ratios 
ter seems to be critical except in isolated 


instances. 
in these parameters is of the same order as 
would therefore be necessary to use cdirect-reat 
influence of these pulse parameters on analytical reproducibility. 

It is also apparent that, as with sensitivity, the pulse shape is a parameter 


that must be included among the factors specifying the discharge conditions re- 


quired to give particular numerical values of line pair ratios. 


Analytical applications 
The survey has shown that for each impurity element there is a definite 


combination of pulse parameters for maximum sensitivity. Table 3 lists these 


parameters for several impurities and includes sensitivity limits for these pulses 


when used with the optical arrangement described above. Also included are 
ough less sensitive than the L-type, which 


optimum data for R-type pulses, altl 
commercially built source units. 


are of interest to the majority of workers using 
The last column of Table 3 shows for comparison purposes the maximum sensitivity 
obtained with continuous d.c. ares. Reference to Fig. 3 shows that it is a simple 
matter to choose a compromise set of pulse parameters which gives only slightly 
for all elements of interest. Such a set is shown in Table 4, 


impaired sensitivity 
e listed in Table 5(a). Again although the L-type 


and the sensitivities obtained at 


gives better results, the optimum R-type pulses have also been included for the 


henefit of those workers who are unable to produce L-type pulses with their 
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Table 3. Maximum sensitivities of pulsed discharges of sinusoidal and exponential wave-form 
(using Hilger Littrow Spectrograph with 0-03 mma slit) 
Sinusoidal to 40 msec duration. 
Exponential to 10 msec duration. 


Source condition Source condition . 
for highest for highest Sensitivity* Sensitivity* Sensitivity * 
Element Line sensitivit sensitivity L pulses R pulses 10 A d.ec. are 
L pulses R pulse ‘o) 

Arsen 2860-5 | 15 Pk.A., 20 msec | 18 Pk.A., 10 msee 0-01 0-015 0-015 
Iron 3020-65 | 10 Pk.A., 30 msec | 22 Pk.A., 10 msec 0-0007 0-0012 0-0008 
Nickel 3050-8 | 12 Pk.A., 20 msec | 20 Pk.A., 10 msee 0-0004 0-0008 0-0005 
Lead 2833-1 7 Pk.A., 40 msec | 18 Pk.A., 10 msec 0-0004 0-00] 0-0003 
Tin 2840-0 | 15 Pk.A., 40 msec | 20 Pk.A., 10 msee 0-0006 0-002 0-0005 
Manganese 2794-8 10 Pk.A., 40 msee | 18 Pk.A., 10 msee 0-0006 0-0006 0-0006 
Manganese If 2949-3 50 Pk.A., 10 msec 50 Pk.A., 10 msee 0-0003 0-0004 00-0007 


* Probable limit of detection, calculated on the convention that the limit of detection is the concen 
tration at which the ratio of intensities of line to background is 0-3. 


Table 4. Preferred discharge conditions for the determination of impurities in brass 


Pulse characteristics Source settings 


Wave-form 


Peak Mean Charging Repetition 
current current Duration current Capacity Inductance Resistance Voltage* rate 
(A) (A) msec) (A) (mF) (mH) (£2) (V) pulses/sec) 


Sinusoidal 5 


* Voltage across electrodes prior to ignition 
tesidual 


Table 5, Sensitivities and reproducibilities of discharges listed in Table 4 


Manganes 


2974-5 2040-3 


O-0005 0-000 0-0008 0-25 


Discharge 
type-A 


Discharge 
type-B 


Concentration 0-020 0-020 0-015 0-009 0-01 0-0] 


Table 5(a) also give N., 3208/background ratios as an indication of 


equipment. 
band line level. In the preferred discharges given in Table 4, it will be noted that 
the duration has been limited to 10 msec at the expense of a slight loss in sensitivity. 
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Experience in these laboratories has shown that it is difficult to control longer 
pulses with great accuracy, possibly due to the sample overheating. Furthermore 
SrxcLarr [3] has shown that 10 msec round-topped pulses can be obtained from 
unrectified mains supply using very simple equipment. 

Table 5(b) shows the reproducibilities obtained, at the levels of concentration 
in the alloy, when using photographic recording. No significant improvement in 
reproduc ibility has been obtained with certain less sensitive discharges of shorter 
duration, although for the reasons given in the previous section. some might be 
expected for nickel and lead Further experiments are at present being conducted 
using direct-reading equipment to determine with greater precision the relationship 


between reproducibility and pulse parameters. 


Summary 

Conditions provided by pulsed discharges for the excitation of spectra from a 
brass-type alloy are dependent on the pulse parameters’ current, duration and 
wave-form. 

The source parameter exercising the greatest influence over sensitivity of 
detection of impurities is the pulse current, although for impurities such as lead 
the duration is also a major factor. In this survey the wave-form was found to be 
increasingly significant as the mean current of the pulse was increased and in 
spark-like discharges differences in wave-form produced w ide differences in spectra. 

The most sensitive source conditions for the detection of a particular impurity 
can be specified but no one source setting will give maximum sensitivity for all 
impurities. However, for analysis, a condition can be chosen which will give a 
high sensitivity for most impurities. The sensitivity limits are of the same order 
as those obtained with continuous ares 

Line pair ratios are affected by variations in all pulse parameters, but, for the 
discharge conditions likely to be employed for analytical work the effect is not 
large except in isolated instances. A 10 per cent variation in pulse parameter 
generally produces changes in line/line ratios of less than 5 per cent, therefore, 
when photographic recording is employed, uncontrolled variations in electrical 
parameters would have only a minor effect on analytical reproducibility. 

Band line excitation is dependent mainly on the peak current of the discharge 
and can be reduced to tolerable limits by choosing the appropriate source condi- 
tions. Although this results in a slight decrease in sensitivity it is recommended 
for analytical applications where maximum sensitivity is not the major considera- 


tion. 
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Calculation of infra-red intensities by direct integration— 
an improvement to Ramsay’s method 
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Abstract—The method of direct 


improved if, for the characterization of the width of absorption bands, we take, in addition to 


integration to obtain absolute infra-red intensities may be 


the half-width, the three-fourth width, the one-fourth width and possibly other parameters, and 
compute the band area with each of these parameters of width. Each parameter of width may 
lead to a different result since the Lorentz curve modified by a triangular slit function does not 
adequately represent the shape of every absorption band. Greater accuracy is obtained if we 
divide the observed band into segments and integrate for each segment with a width parameter 
suitable for it. This method can be applied to asymmetric bands. 


Introduction 
Tue well-known methods of Wi_tson and WELLS |1] and BourGtIn [2] permit the 
calculation of infra-red intensities with fair accuracy. These are extrapolation 
methods in which either the concentration or the cell length has to be varied. 
Such procedures introduce a number of sources of error, and although these can 
be kept at a minimum by careful work, insufficient solubility and excessive solvent 
absorption place a limit on the applicability of these methods. Wing corrections 
are important and involve the same sort of difficulties as does the method of 
direct integration. 

Ramsay [3] has combined a Lorentz curve with a triangular slit function to 
take account of the effect of finite slit width, and he has constructed correction 
tables making it possible to find the “ideal” Lorentz curve corresponding to an 
experimental band. To use this method we need only know the peak-absorbance 
ax Of the experimental curve, its half-width and the spectral 
slit width (S) used in carrying out the measurement.* Then we can simply inte 
grate the ideal Lorentz curve. 

This elegant method is widely used but is usually considered as less accurate 
than the WiLson—WELLS method applied under favourable circumstances. 

Objections to Ramsay's method are that it is based on only three experimental 
points; that, after all, the Lorentz curve may not represent the absorption bands 
adequately in every case; and that the triangular slit function may be an over- 
simplification We will propose an improvement which takes care of these ob- 
jections 

Improvement of the method of direct integration 
Following Ramsay [3] we relate the shape of an absorption curve to a Lorentz 


curve by means of a triangular slit function, but we use in addition to the valu 


* Ramsay's notations are used [3 
1) E. B. Wurson, Jr. and A. J. Wetis, J. Chem. Phys. 14, 578 (1946) 
®| D. G. Bovurery, Phys. Rev. 29, 794 (1927); J 32, 237 (1928 
D. A. Ramsay. J. Amer. Chem. Soc. 74, 72 (1952 
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of the half-width, (Avj,.), the additional values Av‘,,, Ar{,, and These 
values represent the width of the bands at In In (T', toms } In 
T TY ax and In (Ty T) respectively (Fig. 1.). 


bands 
, respectively 


the 
etc 


Ve have for a Lorentz curve the relation 


Vo) 


where. using RAMSAY’s notation, It may he shown that 


Ayr’ 2h 


(3)b 


(7) b 


Ai 


Naturally the danger of overlapping with neighbouring bands is very great at 


the lower parts if the oheert and care should be exere ised. 

We have computed correction t ibles for these parameters in R AMSAY's manner, 
taking a triangular slit function and using Weddle’s method of numerical inte- 
gration $i. T ibles 1 to 12. Tables 4.5 and 6 are from ,AMSAY: we included 


them for the sake of completeness ) 


4) H. MARGENA nd G. M. Mureny, The Mathematics of Physics and Chemistry p. 461 Van 


Nostrand, New York (1945 
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Calculation of infra-red intensities by 


lirect inte gration 


We may now compute the intensity for each of the four parameters and then 
take the arithmetic mean of the results. In this way our result would be based 
on nine points instead of three. We have applied this method to a series of benzene 
derivatives and we found, to our surprise, that the results show a definite downward 
drift of resulting intensity in the order Ay,,, —» Av,,. — Av, — Ar, 
is given in Table 13. 


An example 
We then computed backwards the observed band from the Lorentz curve 
which we obtained with the various parameters, combining it with the triangular 
slit function. Typical examples are given in Fig. 2(a-d).* The compound used 
is o-fluorobenzonitrile where the nitrile band is asymmetrical and therefore we 
treated the left and right side separately with the different parameters. This 
refinement would not of course be needed in the case of a symmetrical band. 

It is quite clear that with the use of only one of the Av’s one cannot obtain an 
accurate fit with the experimental curve. This means that in these cases the 
combination Lorentz curve—triangular slit function does not represent the bands 
adequately. 

It is also clear, however, that we obtain with each parameter a good fit in the 
neighbourhood of that parameter, i.e. for a part of the curve. 

This shows a means of improvement of the method of direct integration. 


We divide the band into segments as shown in Fig. 3 and we integrate for every 


segment using its own parameter of width. 

In carrying through the integration we preferred to exchange the variables 
so that In (/,/7) should be the independent variable and (vy — r,) the dependent 
one. In this manner we decrease the error of choosing the limits of the segments. 


/ 


a 


where D = In (J,//). Upon integration we obtain: 


a a a 
aaa ve Fon N 


and 


where A’ and A” are the surfaces underlying the band envelope to the right 
left of vo, respectively. 


According to our experience the following integration limits are adequate: 


for Av), 100, 60 per cent of 


x 


Avi. 60, 35 
Ay; 


Av; 


In Figs. 2 and 3, Av values are given with two decimals. This is linked to our drawing technique 
and, of course, does not imply any idea of spectral accuracy 
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Calculation of infra-red intensities by direct integration 


PARA-FLUOROBENZONITRILE 


experimental curve 
computed curve 
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| Q 
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Fig. ®(b). Experime ntal band fitted by a Lorentz curve com v wil l ar slit 
function using and as width parameters for the twe the mad, 1 c 


asymmetrical. The corresponding Lorentz curves are obtain om the experimental one 
by the correction Tables 4 and 5 
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PARA-FLUOROBENZONI TRILE 
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Calculation of infra-red intensities by direct integration 


PARA-FLUOROBENZONITRILE 
experimental curve 


Fig. 2(d). Experimental band fitted by a Lorentz curve combined with a triangular slit 
function using 0’v,,,¢ and 0”r,,,* as width parameters for the two sides of the band, which is 


asymmetrical, The corresponding Lorentz curves are obtained from the experimental one 
bv the correction Tables 10 and 11. 
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Calculation of infra-red intensities by direct integration 


and introducing 
7/3 In max 
2 In(7T max A*V 
2 In (76/7) max 
7 In(d, max 
24 3 In Ay} 4 
In (I, Ay 8 
24/7 In (T'6/T) max 


With these limits of integration 


+ 


K 

max 

we obtain for A 

A In | °| 0-549,[ 3] 


max 
O- 124 + 


(In order to obtain the results in absolute units we have to multiply the intensities 
computed from this formula by 0-4978 10-10.) 


Here is + ete. 


In computing the A-values from the correction tables we have to multiply the 
v* values by 2 to give the relevant S/Av* values. 

The general formula for A clearly shows the very great importance of the 
wings (coefficient of the 1/8 term). 

Calculating again backwards, from the Lorentz curves used for each segment 
to the respective part of the experimental curve, we have obtained a good fit 
as shown in Fig. 3. The resulting intensity is: A 7°82 108 molecule em? 
sec! In. 

This is close to the value obtained for the whole band with Av{,,, which appears 
to be a better parameter than Avi 2 for rough work. (The values corresponding to 
Avaig, and are, respectively 8-27, 8-22, 7-87 and 7-24. \ parti- 
cular advantage of this method is that it can be applied easily to asymmetric bands. 
We merely take different parameters for the two sides. 

The method can also be used to detect band overlap since when this occurs 
the lower Av’s would lead to very different surfaces than would the upper ones. 


Discussion 
The proposed improved method of direct integration has the advantage of 

being based on a greater number of experimental points than the previous method 

it is well suited for treating asymmetrical bands and it does not require a great 

deal of extra labour. 

Whether absorption bands can be represented by Lorentz curves modified by 
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a triangular slit function is a debatable question. Among others Ramsay [3], 
Jones ef al. [5) and Bayutss et al. gave a number of examples where they can be 
so represented; however, works of THompson and his colleagues [7-10] and our 
work. for example show that in other cases they cannot. As the band shape 
depends on inter molecular interactions it may of course depend on the constitution 
of the particular molecule to some extent. It therefore would probably be useless 
to search for another analytical formula and another slit function suitable for all 
molecules (although Dennison has made some valuable suggestions [11]}). It 
seems to be much more important to give to the existing formula a greater adapta- 
bility to suit various band shapes We believe that the above described method 
is a step in this direction. 

Similar arguments apply to the asymmetry of bands. Most bands have an 
approximately symmetrical shape. A strong “pressure shift’’ or secondary inter- 
molecular Stark effect, however, would broaden their low-frequency side {12}. 
This is very likely to occur with highly polarizable groups such as the cyano-group. 
In a study of a number of benzene derivatives, concerning W hich we hope to report 
in a subsequent paper, we actually found that in benzonitrile derivatives the 
nitrile band is usually asymmetrical but that the OH band in phenol derivatives 
is not 

Using band areas obtained by the Witson—WELLS method (but without wing 
correction) STONE and THOMPSON |} an¢ Maxper and THompson [10] computed 
Kk, > V alues of about 1-2 as compared to RAMSAY’s values of about 1-5 (see Table 6). 
They concluded that the intensities computed by RAMSAY’s direct integration 
method are too high. 

With our method of integration by segments we obtain intensities about 
10 per cent lower than Ramsay's. The wing corrections must account for another 
part of the discrepancy. 
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Calculation of infra-red intensities by direct integration 


Table 13. Integrated band intensities (in absolute units) computed with Av,,,", Av,/,", 
Av,,* and Av,),", respectively, and their arithmetic mean. The last column contains 
the integrated band intensities obtained by the method of segments 


A 
mean by segments 


Substituent 


none 3610-5 
p-Fluoro 3613°: ‘O7 
p-Chloro 69 
p-Bromo 3607-2 ‘98 
p-lodo 3605- 41 
p-Hydroxy 3616-7 ‘94 
p-Cyano 3597-5 9-35 
p-Nitro 3593-: 9-60 
p-Formy!] 3598-2 


on 

| 

ue 
or 


t 


~ 


+1 +1 
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A sis A ie Ais A ys 
(em!) x 19 < 10 < 10° 10° 
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general occurrence although not frequently 


Abstract — A peculiar effect, which is believed to be of 
Studies of the infrared 


he infrared spectrum of m-toluidine 
of the infrared spectrum of liquid m- 


liquid state aided in the 


encountered, has been studied in t 
spectra in various phases at different temperatures, 
toluidine ND, and of the Raman spectra of both molecules in the 
It is proposed that at any instant in liquid m toluidine 
levels in a small fraction of the molecules. In the 


interpretation a special perturbation 
hetween certain vibrational energy 
molecules this perturbation 1s very weak or is absent. 


occurs 


majority of the 


Introduction 
as Christiansen effects are well known in 
iterials examined in a form in which the 
wavelength of the radiation 


ANoMALOUS effects generally described 
the infrared absorption spectra of solid mi 
particle size is of the same order of magnitude as the 
e distorted, the sample showing abnormally high 
side and abnormally low transmission on 
The effect is caused by the change 
ig) produced by changes in both 
ndex in the region of the absorp 


[1]. Certain absorption bands ar 
transmission on the higher frequency 
the lower frequency side of each of these bands. 
in extinction (defined as absorption plus scatteri 
the real and the imaginary parts of the refractive 1 
tion band. Van pe Hu st [2] has considered the ¢ 
For very small particles the familiar absorption curve is 
ases the extinction curve first resembles the 


ase of independent scattering 


by absorbing particles. 
shown but as the particle size incre 
dispersion curve and then becomes what 
extinction inside the absorption band beir 
calculation was intended for application to th 
and is not a good model for predicting extinction 
phases. However the observed spectra of solids often resemb!| 

avelencth. as is the case 
i the normal absorption 


is apparently an “emission band’, the 
ig less than that outside the band. This 
e study of interstellar atmospheres 
curves shown by condensed 
e dispersion curves. 


When the particle size is very small relative to the w 
the effects of scattering become insignificant anc 
There are small losses due to reflection at the liquid window 
roduced by this effect have been reported 


in liquids, 
curves are observed 
interfaces but no distorted spectra } 
for liquids 


This paper describes a peculiar effect which has been observed in the infrared 


absorption spectra of some aromatic amines. A detailed study has been made of 
one example, ™ toluidine. 
1) W. C. Price and K. 8. TeTLow, J. Chem. Phys. 16, 1157 (1948) 


2) H.C. van ve Hest, Light Scattering by Small Particles p. 193. John Wiley, New York (1957 
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\ peculiar effect in the infrared spectra of certain molecules 


Experimental 

Infrared spectra were recorded using an automatic recording, double-beam, 
grating spectrometer (slit ca. 1 em~! from 3800 to 450 em~!) designed and con 
structed in this laboratory [3]. Some observations were also made with a prism 
instrument [4]. The wave-number values quoted are believed to be correct 


within +2 

taman spectra were recorded using a Hilger photoelectric recording instrument 
using 4358 A excitation (7A/mm). The error in the quoted wave-number values 
is again believed to be less than +2 cm~!. When the amines were out-gassed and 
distilled under vacuum into the sample tubes which were then sealed, no difficulty 
with color formation on exposure to the intense radiation was encountered. 

| The m-toluidine was a fractionally distilled sample of an Eastman Kodak 


product. m-Toluidine ND, was prepared by repeated exchanges with D,O, the 
sample being dried over anhydrous potassium carbonate. The relative intensities 
of the NH and ND, stretching mode absorptions indicated that the sample was 
about 97 per cent m-toluidine ND,. 


Results 

The spectra are reproduced in Figs. 1, 2 and 3. Several attempts were made to 
obtain the infrared spectrum of the crystalline solid but each time the material 
formed a glass the spectrum of which is almost identical with that of the liquid. 

The peculiar effect is what has the appearance of an emission band at 735 em~! 
in the spectrum of the liquid (Fig. la). In the amorphous solid it is enhanced, in 
dilute solution in CS, it is greatly decreased while in the vapor it is absent. Raising 
the temperature of the liquid to about 60°C produced no change. The effect 
coincides with an intense, polarized band in the Raman spectrum of liquid m 
toluidine, this band being one of the most intense in the Raman spectrum (Fig. 3). 

The infrared spectrum of liquid m-toluidine ND, does not show the effect. 
Instead a weak absorption band appears at 727 em~! while in the Raman spectrum 
the intense, polarized band now also appears at 729 cm~!. It thus appears probable 
that the effect is due partly to some peculiarity of the first excited level of the 
vibrational mode in m-toluidine responsible for the intense Raman band at 737 
1 


em 


That this level was not becoming overpopulated by some intramolecular 
process, whereby strong absorption to an adjacent excited level followed by energy 
transfer to the 737 cm~! level results in the emission of radiation, was proved by 
comparing the spectrum recorded in the normal manner with the sample inserted 
in the undispersed radiation with the spectrum recorded when the sample was 
placed in the dispersed beam.* The spectra were identical. 

Spectra recorded using KBr plates and using Ag(] plates to support the liquid 
sample were identical showing that reflection at the liquid—window interfaces is 
not intimately connected with the effect. The refractive indices of these window 
materials differ by about 0-45 at this wavelength. 


* We are indebted to Dr. J. C. Waur for suggesting the method for disproving this possibility 


3] L. W. Herscuer, Spectrochim. Acta 15, 901 (1959) 
(4) L. W. Herscuer, H. D. Runt and N. Wricut, J. Opt. Soc. Am. 48, 36 (1958). 
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Fig. 1. Parts of the infrared absorption spectri if meta toluidine 1) two liquid films 
etween KBr plates at co the arnmorphous solid at ca. 77°K; the vapor at ca 
110 ell. the vapor pressure g liquid at ca. 95° and ca 


olvent absorpt ion 


The effect is then a marked increase in the transmission of the liquid at and 
near 735 cm~2. The absorption in this region is to a small extent due to the wings 
of the two strong, relatively sharp bands at 691 and 775 cm~' (out-of-plane ring 
and CH bending modes) but ts mainly due to the very broad band centered below 
700 em). This broad band has been assigned to the wagging NH, mode in 
aniline [5] and is very probably due to the same mode in m-toluidine. In dilute 
solution the broad band is shifted to lower wave-number, its intensity decreasing 
in the 730 em! region; the effect is then very much decreased. In the amorphous 
solid the broad band moves to higher wave number and the effect is enhanced. In 
the vapor the band is no longer broad (centre at about 670 cm 1) and the effect 


‘s absent. In m-toluidine ND, the broad band is moved entirely away and the 
aon 


effect is absent; a weak absorption band appears at 


5) J. C. Evans. To be published 
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A peculiar effect in the infrared spectra of certain molecules 


All of these observations may be explained by invoking a special perturbation 
of certain energy levels in a small fraction of the total molecules present. The 
great width of the absorption band of the NH, wagging mode (w NH.,) is ascribed 
to the distribution of molecules subjected to greatly varying environmental 
conditions by hydrogen bonding and also by the inversion of the NH, group which 
occurs easily, i.e. at a certain instant some molecules may have their w NH, modes 


cm 


Fig ® Part ot the infrared absorption spectrum ot a liquid firm of m-toluidine ND, 
between KBr plates 


at, say 630 em~!, while others have theirs near 735 cm~!. In these latter molecules, 
if conditions are favorable, the w NH, energy levels may interact with the narrow 
energy level at 735cm~!.* In m-toluidine the conditions are favorable for such 
interaction—the symmetry is low and the two modes involved are fairly closely 
related. The mode responsible for the strong polarized Raman band probably 
involves considerable motion of the C—N bond and it is assumed to be qualitatively 
as drawn: 


CH, 
A 


NH, 


* The mathematical treatment of such an interaction ts closely analogous to that applicable to the 
well-known Fermi resonance and to the vibrational perturbations observed in the electronic spectra ot 
diatomic molecules {6 
6) G. Herzperc, Molecular Spectra and Molecular Structure I. Spectra of Diatomic Molecules 282, 

Van Nostrand, New York (1950) 
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J.C. Evans and N. Wrieut 


The result of the perturbation in the small fraction of molecules with suitably 
placed levels is the removal of these levels from the 735 cm ' region. If the 
transition moment for the transition between the ground level and the first excited 
state of v, is very small in the unperturbed molecule (the infrared spectrum of the 


vapor and dilute solution show this to be so)* then the majority of the molecules 


Part of the Raman sp ao liquid n-tolurdine and (b liquid m-tolurdine ND, 
Effective slit width was ca, 4 em 


will not contribute more than an insignificant amount to the absorption near 
-35 em-!. The absorption in this region will be determined almost entirely by 
the minority of molecules in which the perturbation occurs. Thus at 735 em! 


there is a “hole” in the absorption, On each side of this feature the absorption 


is produced by transitions between the ground level and the ‘mixed’ energy 


states with eigenfunctions which are mixtures of the zero-approximation eigen 
functions of w NH, and », 

In the infrared spectrum it is not possible to separate these regions very well 
from the wings of the two adjacent strong bands but in the Raman spectrum this 


* It is apparent that the transition moment of this transition t- markedly increased by deutersum 
substitution 
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A peculiar effect in the infrared spectra of certain molecules 


overlap is not serious. Here, we can see that the 737 cm~! band of the light 
molecule is broader than the 729 em~! band of the heavy molecule. A shoulder, 
marked S in Fig. 3(a), is apparent on the higher frequency side. The intensity 
in this shoulder arises from transitions involving levels produced by the mixing 
of the levels in those molecules which, in the zero approximation, have their 
w NH, levels below 737 cm~'. Similarly, those molecules with their w NH, levels 
above 737 cem~! will yield mixed levels which “pile-up” on the lower frequency 
side of 737 cm~!, but these molecules are fewer in number and the asymmetry 
on this side of the band is not as obvious. We may conclude that, since the Raman 
band is not seriously distorted, the perturbation energy between the w NH, and 
vy, energy levels is small and thus the perturbation is strong in only a small fraction 
of the molecules. 

The infrared spectrum of the amorphous solid deserves special comment. The 
effect is sharper here because the energy levels become narrower at low temperature. 
On the lower frequency side a region of apparently increased absorption is resolved. 
This may arise from the “piled-up” mixed energy levels expected here. However, 
there is another possibility. The strong band at 690 em~! may interact weakly 
with the broad w NH, band in the manner described above for the 737 cm~! level 
and so produce a distortion of the spectrum in its vicinity. Supporting this 
speculation is the indication of asymmetry in this band in the liquid infrared 
spectrum. 

The effect is obviously uncommon since it has not previously been discussed. 
The requirements for the effect to appear as at 735 cm~! in the spectrum of liquid 
metatoluidine are quite stringent: (a) two energy states which may interact; (b) 
one of these levels should be sharp and be the upper level of a transition with a 
very small transition moment; (c) the other energy level should be very broad 
and be the upper level of a fairly strong transition. If condition (b) does not 
apply and the transition moment is appreciable then the effect should appear as 
an asymmetric absorption. These conditions almost ensure that the effect will be 
found only in spectra of condensed phases of molecules which may interact very 
strongly. Some few cases of very broad absorptions are, of course, found in the 
vapor spectra of strongly interacting molecules. 

Preliminary observations suggest that the effect may be present in the Nujol 
mull spectra of 3:4-toluenediamine and p-nitroaniline and in solid aniline. A 
recent note by ALbert and Bapcer [7] describes the infrared spectra of KBr 
disks containing potassium hydrogen phenylacetate and acetamide hydrochloride. 
Deep “windows” in the very broad absorptions were tentatively ascribed to 
‘anomalous dispersion effects sometimes observed in mull spectra’. While the 
effects of scattering are undoubtedly significant in these solid spectra, the “windows” 


illustrated appear to be too marked for this explanation to suffice and we propose 


that the effect discussed in the present paper is responsible for the features observ ed 
by ALBERT and BapGeEr. 


7! N. Apert and R. M. Banoer, J. Chem. Phys. 29, 1193 (1958). 
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Normal co-ordinate analysis and force constants for the thionyl halides 


A. Corron and W. D. Horrocks, Jr. 
sti Massachusetts Institute of Technology, Cambridge, Mass 


Abstract — Using N ". am matrix method and data in the literature, force constants 
n nvl halides F,SO, Cl,SO and Br,SO. A valence force 

l Phe stretching constants for the SO bonds 

vary as would be expected qualitatively 


gen atoms tavors greater pr lz SO bonding. 


Usinc Raman and infrared vibrational spectra of thionyl! fluoride, chloride and 
bromide available in the literature, a vibrational analysis of these molecules was 
undertaken using Wintson’s F- and G-matrix method. The molecules studied, 
FSO, Cl,SO and Br,SO, possess only C, symmetry. There are four A’ vibrations 
and two A” vibrations, respectively symmetric and antisymmetric to the plane of 
symmetry. SIEBERT calculated force constants for thionyl fluoride and bromide 
from Raman data using only the A” vibrations and assuming tetrahedral angles. 
The present work employs all available structural data, and gas phase infrared 
frequencies are used wherever they are available. 


The following symmetry co-ordinates were used: 


Ad,); 


l 
R, = (Aa, — Aa,). 
\ - 


The various internal co-ordinates are defined as follows: d, S—O distance: d, 
and d. are X—S distances; %, 1s the angle between bonds d, and d,: Xs is the angle 
between bonds d, and d,; £ is the XSX angle. 


1! H. Steserr, Z. « rg. u. allgem. Chem. 275, 210 (1954 
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Normal co-ordinate analysis and force constants for the thiony] halides 


The structural data used are shown in Table 1. 


Table 1. Structural parameters of thionyl! halides 


Br,SO 


1-41 


d, = ds (A) 1-59 2-07 2-27 
Le 106° 49° 107-5 108 
B 92° 49’ 97-5 96 


[2] 


Fis = k;; 
Py, ky F ky 
= ky + kes = ke, — key; 
Fe, = ke, + ke, F oe 


The force constants in the most general force field are k, (the S—-O stretching force 
constant); k, (the S—X stretching force constant); /, (theX —S—O bending force 
constant); (the X-—-S—X bending force constant); 
action between the two S—X stretches); k,, (representing the interaction between 


(representing the inter- 


the bending of angles x, and x,); k,, (representing the interaction between an 5 X 
stretch and the S—O stretch); /,, (representing the interaction between the S—O 
stretch and the bending of an angle «); /,, (representing the interaction between 
the S—O stretch and the bending of angle f); k,, (representing the interaction 


between one S—X stretch and the bending of angle #); k,, (representing the 
interaction between the bending of an angle « and the bending of angle #); ky, 
(representing the interaction between an S—X. stretch and the bending of the 


adjacent angle «); k,,- (representing the interaction between an S—X stretch and 
the bending of the opposite angle <). 

There are thirteen distinct force constants in the most general force field 
potential expression and since there are only six fundamental frequencies, all 
off-diagonal elements in the A’ matrices were neglected. In the A” matrices of 
(1,80 and Br,SO, finite values of the off-diagonal element were required in order 
to obtain real solutions for the diagonal elements. 


R. C. Ferevson, J. Am. Chem. Soc. 76, 850 (1954). 

K. J. Parmer, J. Am. Chem. Sov 60. 2360 (1938). 

D. P. Stevenson and J. Y. Beacun. Unpublished, cited in reference {5}. 
D. P. Stevenson and R. A, CooLey, J. Am. Chem. Soc. 62, 2477 (1940). 
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The G-matrix elements for these four-atomic molecules were calculated in- 
dependently from the formulas in WiLson et al. [6] and by the method of MEISTER 
and CLEVELAND [7]. 


u, + fe; 
\ (2)u, COs 


13 \ (2) sin a: 


cos tan 
2! 


27. COS + 7,(1 cos By}; 


[47,7, COS 7, "(cos p 1) + 


sin" 


(cosp cos 2%) + 


2)p,. tan (p 


34 COS 7, (1 cos COS & 
sin « 
cos + 2,p.": 


x 
where 7, = (p; — ©O8 2) and 7, = — %) 


Table 2 shows the observed and caleulated fundamental frequencies and the 
approximate assignments. The best sets of calculated force constants are shown 


in Table 3 
Discussion 

Solution of the quadratic secular equations for the A” vibrations of thionyl! 
chloride and bromide with the off-diagonal element F ,, assumed to be zero produced 
imaginary roots for F,, and F,,. The values of the force constants, k, and k,, 
were obtained using the smallest value of F,, that gives real solutions for F;; 
and F,,. The values of F,, and F,, are fairly sensitive to changes in F,. In 
thiony! fluoride, F, was assumed to be zero and real roots to the secular equation 
were obtained. Values of k,, and k,, were calculated from the differences between 
F,, and F,, and between F,, and F,,, respectively. The fact that k,, is positive 


E. B. Winsoy, J. C. Decivs and P. C. Cross. Molecular Vibrations. McGraw-Hill, New York (1955) 
7) A. G. Metster and F. F. CLEVELAND Am. J. Phys. 14, 13 (1946); Ji. 11, 239 (1943) 
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Normal co-ordinate analysis and force constants for the thionyl halides 


Table 2. Observed and calculated normal frequencies of thiony! halides 


FSO C1,8O Br,SO Approximate 


Veak Vobs Vobs Veal assignments 


vy 1333 1540 1251 1252 1121 1121 S—O stretch 


Vo S06 803 492 492 105 406 S—-X symmetric stretch 
V5 530 532 344 344 267 266 Symmetric deformation 
Ms 410 112 194 194 120 120 X—S—X_ bend 

Vs 748 748 155 $55 379 379 S—KX antisym. stretch 
Ve 390 390 284 284 223 223 Antisym. deformation 


Table 3. Calculated force constants for thionyl! halides 


Constant 


FSO C1,SO Br,SO Description 
(dyn/cm) 
ky 11-0 10 9-69 7-80 10 S—O stretch 
ky 3°77 10° *1-80 10° *1-61 10° S—X stretch 
k,/d,d, 0-572 1 *()-446 *0-304 10° X—-S—O bend 
kg/d.” 1-37 10° 0-261 10? 0-212 10° X—S—X bend 

*O-O47 Bend interaction 


*0-016 1 *)-0375 105 


* Indicates values obtained from A” vibrations taking smallest kez ke,’ which gives real roots 


for ke kee and kx kun. 


accounts for the fact that the symmetric S—X stretching frequency lies higher 
than the antisymmetric stretch. 

The present results compare only approximately with the results of SIEBERT 
[1] in the case of thionyl chloride and poorly in the case of thionyl! fluoride. This 
latter disagreement is principally due to the assignment of »,. Sirpert used the 
Raman data of Brest and Trampe quoted by Yost [13]. They found a very weak 
Raman line at 326 em~! which they assigned to »,, BENDER and Woop [9] found 
no such line and O’LoaNe and WILsoy [8] assigned y, as 410 cm~! from a combina 
tion band in the infrared. This is fairly high for a bending mode and accounts 
for the high value of the F—S—F bending constant in thionyl! fluoride. 


[8] J. K. O’LoaANE and M. K. WILson., J. Chem. Phys 23, 313 (1955) 

(9) P. Benper and J. M. Woon, Jr., J. Chem. Phys. 23, 1316 (1955) 
(10) D. FE. Martz and R. T. Lacemann, J. Chem. Phys. 22, 1193 (1954). 

(11) C. A. McDowe tt, Trans. Faraday Soc 49, 371 (1953). 

12) H. Stamurercu, R. Forneris and Y. Tavares, J. Chem. Phys. 25, 1277 (1956 
13! D. M. Yost, Proc. Indian Acad. Sei 8, 333 (1038) 
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Raman spectra and force constants of planar square molecules 
of the type AB,* 


H. STamMReEICH and R. FORNERIS 
Department of Physics, F.F.C.L., University of Sao Paulo, Brazil 


R 
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Abstract Making use of the technique of excitation by He-radiations, the Raman spectra of 
the complex ions (ICI,)~, (AuCl,)~, (AuBr,)~ and (PtCl,)*~ were obtained and found to be fully 
consistent with the expected D,, symmetry of these species. The values of the significant force 


constants referring to the in-plane vibrational motions have been calculated 


Introduction 
Tue following highly symmetric configurations of AB, molecules are conceivable: 
the regular tetrahedron (belonging to the 7, point group), the tetragonal pyramid 
(C,,) and the tetragonal square plane with )),, symmetry. Apparently all vibra- 
tional spectra of AB, molecules as yet observed and analysed are consistent with 
the first of these types. Actually, among the considerable number of the vibrational 
spectra which have been studied fully, those of regular tetrahedral pentatomic 
molecules form probably the largest and most thoroughly investigated group. 

Four tetragonal pyramidal bonds are expected to arise from a d* configuration. 
It seems, however, that molecules of the type AB, possessing a spatial arrangement 
belonging to the C’,, point group are unknown. 

Four coplanar bonds directed towards the corners of a square may be formed 
by dsp* hybridization, and such configurations have been verified for the tetra- 
co-ordinated derivatives of the type AB, of Ni ll, Pd IIT, Pt Il, Au IIT and other 
elements. Consequently, the resulting molecular arrangement of these species 
belongs to the D,, point group. An identical structure will arise from the octahedral 
symmetry of d*sp* hybrid orbitals when the apices of the octahedron are occupied 
by two unshared electron pairs, as is the case for the ion (ICI,) 

The present work deals with the Raman spectra of planar square complex 
halides of the type AB,. The lack of vibrational data for such molecules may be 
due to the following experimental difficulties. The large vibrating masses and low 
force constants of these compounds give rise to very low fundamental frequencies 
which fall in a spectral range not easily accessible to the more commonly used 
infra-red techniques. Furthermore, the investigation of the infra-red absorption 
spectrum of the ions in the form of their alkali salts in the solid state dispersed in 
alkali halide disks may become complicated by reactions of the compounds with 
the matrix. The use of the conventional methods of Raman spectroscopy is 


* Presented in part by one of the writers (H 


S.) at the meeting of the European Molecular 
Spectroscopy Group, Freiburg i. Br., July 1957. 
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prevented by the strong coloration of the tetra-co ordinated derivatives already 
mentioned. * 

it is not surprising, therefore, that, up to the present, vibrational spectra of 
pentatomic molecules with D,, symmetry have been reported in only one case, 
namely the Raman spectrum of the (AuCl,)~ -ion by GouLDEN et al, [2]. The 
latter authors, with exposures of about 4 days and using a slit width of 0-2 mm, 
recorded only one Raman shift at 271). 5em~!, excited by the green mercury 
line 5461 A. In the present work we have found the same frequency at 347 em™', 
and we believe this value to be correct 

Making use of our method of excitation of Raman spectra in the red and near 
infra-red spectral region by helium radiations [3] we have easily obtained the 
‘ omplete Raman spectra of the anions of the tetrachloroperiodoc acid, tetrachloro 
and tetrabromoaurice acids and of the tetrachloroplatinous acid, X-ray diffraction 
measurements have shown that the anionic complex halides (ICl,)~ [4], (AuCl,) 
AuBr,)” (6) and (PtCl,)*~ pessess a planar square structure 


Experimental 
P paral n of sam ple 
lhe Raman spectra were obtained with aqueous solutions of the free acids or 
their alkali salts. The free acid HICI, is unstable in the pure state but hydrated 
HAuBry2H,O) can be purified through 


forms of the remaiming species 
ervstallization, the same being the case tor the potassium salts. The preparation 
of these compounds has heen described frequently in the chemical literature 

Solutions of the (1C1,)~ -10n were prepared by treating suspensions of iodine in 


hydrochloric acid or potassium chloride with chlorine Instead of a 


aqueous 


suspension of iodine. we have also used solutions of iodine monochloride in HCl or 


KCl. where the complex ton 1('1,)~ is formed. The samples which were investigated 


spectroscopic illv cont Lined an excess of ¢ l, in order to reduce the presence of the 
7 


ion according to the equilibrium (Ch, (1Cl,) 
Solutions of the (AuCl,)~ -1on were prepared by dissolving gold in aqua regia 
the chloroauric acid formed and its potassium salt were purified by repeated 


ervstallizations. The corresponding bromo-compound was obtained by direct 


reaction of finely divided gold and bromine dissolved in aqueous HBr or KBr 
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1060 
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Solutions of the (PtCl,)?~ -ion were prepared by reducing an aqueous solution of 
hexachloroplatinic acid with sulphur dioxide. The samples of the golden yellow 
solutions of (IC],)~ and (AuC],)~ used in the spectroscopic work were approximately 
1-0 M, whereas the deep-red coloured ions (AuBr,)~ and (PtCl,)?~ had to be studied 
at lower concentrations of about 0-2 M. 


Instrumentation 


The Raman spectra were recorded photographically using a spectrograph with 
interchangeable Bausch and Lomb plane reflection gratings with 600 and 1200 
grooves/mm, blazed in the first order for the red region of the spectrum. Cameras 
of different focal lengths were employed, and the linear reciprocal dispersions 
obtained with the various arrangements ranged from 6-5 A/mm to 95 A/mm. 

The spectra of (1Cl,)> and (AuCl,)~ were excited by He 5876 A and photo- 
graphed on Kodak Super Panchro Press plates. The Raman and Rayleigh scat- 
tering of these species was found to be of unusually high intensity, and employing 
our most luminous arrangements we registered the Raman shift corresponding to 
the symmetric stretching mode with exposures of a few seconds, the complete 
Raman spectrum being obtained in less than | min. Qualitative measurements 
of the state of polarization of the Raman shifts were carried out and required 
exposure times of approximately 10 min. For the observation of the weak shift of 
lowest frequency which corresponds to the in-plane bending mode, it proved to be 
helpful to interpose between the exit window of the Raman tube and the slit a 
liquid filter of pure neodymium nitrate (free from praseodymium) in aqueous 
solution in order to absorb the Rayleigh radiation to a large extent. 

The spectra of (AuBr,)~ and (PtCl,)?~ were excited by He 6678 and 7065 A, 
and recorded on Kodak IF and IN plates, the latter being hypersensitized before 
use. Owing to the smaller concentration of the samples, the comparatively lesser 
intensities of the exciting lines and the much lower sensitivity of the N-plates, 
exposure times of up to 10 hr were required. Consequently, we did not attempt to 
observe the state of polarization of the Raman spectra of these species. 


Re sults 


The Raman spectra of the pentatomic complex halides investigated are very 
similar with regard to general appearance and relative intensities of the observed 
shifts. As a typical example, the spectrum of the (AuCl,)~ -ion is shown in Fig. 1 
The frequencies of the Raman lines, their estimated relative intensities and state 
of polarization are listed in Table 1. 


Table 1. Raman frequencies (em!) and vibrational assignment 


(AuCl, AubBr, (PtCl,) 


128 (1) b 171 (1) b 102 (2 164 (1) b } B 
261 (5) 324 (7 196 (7) SUA (5) Vs Bb, 
288 (10) P 347 (10) P 212 (10) 335 (10) ) i 


P strongly polarized shift; b broad 
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Vibrational assignment 

The vibrational spectrum of AB, molecules belonging to the D,, point group 
would be expected to consist of five non degenerate and two doubly degenerate 
fundamental modes The atom A occupying the centre of the square represents a 
centre of symmetry, so that the rule of mutual exclusion applies. Three of the 
normal modes, corresponding to planar vibrational motions, are Raman active 


and may be described approximately as symmetric stretching or breathing (*,, 


belonging to species A,,), antisymmetric OF out-of-phase stretching (r,, Be,) and 
as planar bending (v,. B,,) vibrations. Three fundamental modes, namely vr, and 
vy, (of species E_) and rv, (A,,) are active in absorption, whereas the remaining mode 
y, (B,,) is inactive in both. The approximate form of these normal vibrations is 


shown by Macco.y [8] who uses the numbering of the fundamentals adopted in 


the present work 
In full agreement with these selection rules the Raman spectra of the four 
tl 


molecular species studied by us consist of! three lines. and the assignment of the 


observed frequencies to the Raman-actiy normal modes can be made directly. 
The shift corresponding to the breathing mode r, (A,,) would be expected to be 
polarized as is observed for the Raman lines 255 cm L of (1¢ I, and 347 cm L of 

AuCl, \< already mentioned, polarization measurements on the spectra of 
the two remaining ions were not carried out but here, too the highest frequencies 


will belor to the | mode, as su gested bv the high intensitv of these shifts 

The B, mode (r.) corresponds to an out-ol phase stretching motion of the two 
pairs of opposite B-atoms, and its frequency is expected to be very close to that of 
the A,,-mod Indeed. under the assumption of a simple valence force field without 
the introduction of interaction terms, the frequencies of the two fundamentals 
would be the same Finally, the lowest of the observed Raman lines has to be 
ascribed to the planar bending mode rv, B, The resulting assignment is shown 


in the last columns of Table | 


Calculation of valence force constants 


Models of the force f eld of AB, molecules with dD, symmetry have been studied 
by various authors although vibi itional spectra of such molecules had not been 
observed hitherto. A most thorough analysis 1s reported by Maccon [5] who 
expresses the potential energy of the system by a general quadratic function 
containing nine force constants In our calculation of the force constants of the 
complex halides whose Raman spectra are given in Table 1 we followed the treat 
ment of Macco.Li and made use of his expressions and notations. 

Of Macco..’s nine potential constants three, namely k,, ky, and k’,), refer to 
out-of-plane motions The Raman spectra provide no data involving these 
eonstants whose evaluation would require the knowledge of the infra-red active 
mode v,(A 4,) and of the mactive fundamental r,( B,,,). The six remaining potential 
constants are the principal stretching and in-plane bending force constants k, and 
k.: k,, and k’,, related, respectively, to interactions between adjacent and opposite 
bonds and, finally, k,, and -’,, which refer to the corresponding bond angle 


(8) A. Maccott, J. Proc. Roy. Soc. N.S.Wales 77, 130 (1944 
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Raman spectra and force constants of planar square molecules of the type AB, 


interactions. The introduction of the term k,, removes the degeneracy of », and y, 
inherent in the simple valence force model. 


- Since the Raman spectra provide only three frequencies, we must introduce 
a some simplifying assumptions in order to obtain numerical values of the more 
- significant potential constants. In the four molecular species studied the frequency 
of the planar bending mode »,( B,,) was found to be very low. Hence, it seems 
reasonable to neglect the interactions between bond—angles by assuming the value 
: zero for k,, and k’,,. In this way unique solutions of the numerical values of the 
constants /,, k, and of the sum k, + k’,, are obtained as listed in Table 2. 


Table 2. Valence force constants (mdyn/A) 


(1C1,) 


(AuCl,) 0-61 0-08 9.35 9.97 
(AuBr,) 0-49 0-08 1-96 1-88 
(PtCl,)?- 0-56 0-10 2-14 2.04 


Assuming, furthermore, k’,, to be equal to k,,, we obtained the values of the 
stretching constant /, listed in the last column of Table 2. It should be pointed 
out, however, that such an assumption is rather arbitrary. Definite values of k, 
and k’,, could be obtained from the knowledge of the infra-red active mode »,(£,,). 
Infra-red absorption measurements on the (ICIl,)~ -ion have been carried out by 
PERSON [9] at the State University of Iowa and seem to indicate that the value of 


is considerably larger than that of 

Acknowledge ments The writers feel indebted to the Cons« lho Nacional de Ps squisas, Rio de 
Janeiro, for having supported this work. They are most appreciative to Dr. W. B. Person for 
information regarding the infra-red spectrum of (1C1],)~ in advance of publication. 
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of pentafluorobenzen and the infra-red spectrum 
d. The values shown in Table 4 have been 


5-tetrafluorobenzene 1s 


Abstract — The infra-r d and Raman spectra 


ifl 


porodeuterobenzen have been measure 


of pent 
\ partial reassignment of 1:2:4: 


assigned as fundame ntal frequencies 


also suggested 
1. Introduction 
number of fluorinated hbenzenes 5 | in the 


AssIGNMENTS have been made for a 
lily available [6] a study of its spectra 


past and now that pentafluorobenzene Is reat 
it has already proved helpful in assigning the hexa 


seemed desirable and 
Pentafluorodeuterobenzene was also examined in the 


fluorobenzene spectra DI. 
infra-red, but there was insufficient material for the determination of its Raman 


yectrum. 
2. Experimental 


The spectra were observed under conditions similar to those described for 
The pentafluorobenzene was prepared 6) by dehydro 


hexafluorobenzene 
118°C) and purified 


fluorination of 1:2/4:5 tetrahydro octafluorocyclohexane (b.p. 
by vapour phase chromatography. 

The pentafluorobenzene was converted to 
in concentrated H,SO,. this was treated with Mg to form the Grig 
From the residual 


pentafluorobromobenzene by the 
action of Br, 
reagent which was decomposed by D,O to form C,DF;. 
strength of the C—H out-of-plane deformation band at 837 em! it was estimated 


that the yroduct contained less than 2 per cent of C,HF.. 
] 6 5 
shown in tabular form in Tables 1 and 2. 


nard 


The experimental observations are 
The infra-red spectra are to be published in the D.M.S. collection. 


3. Assignment 

» planar structure with C,, symmetry for which 
the x-axis 1s to be taken [7] perpendicular to the plane of the ring. Table 3 gives 
the relevant information for the basis of an assignment. Both theory [8] and 
possible distinct band shapes in the infra red vapour 


is expected to have 


experiment indicate three 


spectra and for the stronger bands these have provided valuable assistance in 


[1] J R. Nrevsen, C. LIANG and D. C. Smrrn, Diseussvons Faraday Soc. 9, 177 (1950). 

2) E. E. Ferevson, J. Chen Phys. 21, 886 (1953 

3) E. E. Fercvuson R. L. Hupson, J. RB Nrecson and D. C Swuirn, J. Chem. Phys 91, 1457 (1953) 
4) E. E. Ferevson R. L. Hupson, J. R Nrecson and D. C Syuirn. J. Chem. Phys 21, 1464 1953) 
[5] D. STEEL! und D. H. Warrres, Trans Faraday Soc. 55, 369 (1959 

6| R. STEPHENS anc JI_cC. Tatriow, Chem. & Ind. (London) 821 (1957 

=) R.S. J. Chem. Phys 23, 1997 (1955 

R. M. BapcEr and L. R. Zumwatr, J. Chem. Phys 6, 711 (1938) 
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The vibration frequencies of pentafluorobenzene 


the assignment. Since Raman frequencies in this work are liquid state values, 
frequencies for this state will be quoted throughout the discussion. 


a, class 

Four frequencies, namely 3105, 1410, 718 and 578 em~!, are immediately 
assigned to the a, class on the basis of strong polarized Raman lines, while that at 
718 em~! is confirmed and 1286, 1075 and 325 em~! may be added on the basis of 
strong infra-red bands with clear type-B shapes in the vapour. In most substituted 
benzene compounds there are two C——C stretching fundamentals near 1600 em~! 
which are prominent in the Raman spectrum though often overlaying each other. 
The 1648 em~! frequency is accordingly assigned in both the a, and b, classes. 
Of the frequencies near 1500 em~! the lower, 1514 em~', is expected to be the ay. 
Comparison with C,F, and its force constant treatment suggests that the three 
remaining fundamentals are below 550 cm~!. One is likely to be only slightly above 
the Cog 


affected by the substitution of H for F. the Raman line will only be slightly 
1 


frequency of C,F, at 443 em~! and since the normal mode is only slightly 


polarized. Although observed as a depolarized Raman line the value 470 cm 
has been assigned to this frequency; 495 cm~! is a possible alternative value but 
the Raman line is very much weaker. Finally the weak Raman line at 272 em 
is taken to indicate the lowest a, fundamental since this is about the expected 
value. 

Except for the highest fundamental, the C,DF; a, frequencies should be almost 


unchanged and this, together with the B-type vapour contours in most cases, 


makes the assignments of 1638, 1511, 1400, 1277, 1067, 701, 578, 467 and 325 em 
almost inescapable. The lowest frequency is likely to be unchanged and the 
tedlich—Teller product rule may be applied as a guide to the highest frequency. 
The calculated ratio is 1-41 and the observed 1-43 if 2315 cm~' is the missing 
fundamental. whereas if 2215 em~! were chosen the unacceptable product ratio 
1-49 is obtained or if 2420 em~! were chosen the ratio would be 1-36. The 2315 em ; 
is also just the strongest although it would be unsafe to assign it on the grounds 
of intensity alone. 


be class 

Following the argument for the a, class the two highest b, frequencies must 
be 1648 and 1540 em~! and the arguments for assigning 436 cm~' as a b, frequency 
have been given previously [5]. Type-A contours place the strong infra red bands 
at 1182. 953 and 304cm~! as 6, fundamentals. The bands at 1268, 1233 and 
1138-1 also have type-A contours but only two further fundamentals are expected 
in this region. The existence of a medium intensity Raman line at 1138 em~! 
supports the assignment of this frequency as a fundamental. Application of the 
inequality rules [5] suggest that the missing frequency is above the C.F, frequency 
at 1253cm-! but below the p-C,H,F, frequency of 1277 em~! [4]. Accordingly 
1268 em~—' is favoured as the fundamental even though the 1233 em~! band appears 
to be slightly stronger. There is a weak Raman line associated w ith a fairly strong 
infra-red absorption at 688 cem~! which may plausibly be assigned as a b, even 
though overlapping bands make the vapour contour uncertain. This leaves one 
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1. Infra-red and Raman frequencies of pentafluorobenzene 


fundamental 
fundamental 


a, fundame ntal 
b, tun lament il 


a, fun lamental 


flo ntal 


Interpretation 


171 + 247 = 418;: 


b, fundamental 
ay fundamental 
2 247 104; 


lamental 


b, 


510; 


171 607 SOS; 


136 70 


578 SS. 


391 556 947; 


6b, Tuncdarne ntal 


indamental 
556 
tg undamenta 
ntal 
34) 
fundamental 


a, Tun lamental 


247 1075 
272 
247 1138 
ay I indamental 
304 
325 1138 
304 1182 
136 1075 


ay fundamental 


7 Is OHS: 


LO14; 


L112; 


rable 
Infra-red 

Kaman 
Vapour Liquid 
vw dp 
217 ws dp 
304 A 
vin 
$36 w $35 m dp 
475 {69 w i170 m dp? 
3 405 $05 vw p 2h, ay 
522 w dp 247 +- 272 = b, x a, = by 
55S 556 8 557 w dp », fir 
i 580 w 578 8 p a, fundamental 
vvw 272 B25 ay ay ay 
VW 662 w p 2 $25 Holl: ay 
674 217 +- 470 = 687; b, x a, = 4, 
688 682s 6858 w dp fundamental 
a 710 m 272 136 — 708; a, x by = by 16 
4 719 B 717 vvs 719 s p a, fundamental 
741 272 170 742; a, ay ay 
W iss w 325 170 ay a, ay 
S70 S79 <a, = 
913 912 vw by a, = by 
943 4 O41 vs <b, = by 
| 
980 A mm | 247 «a, = b, 
LOLS 1021 4136 +- 578 x a, = b, 
1046 m 70) 5758 1048: a, ay ay 
. 1079 B 1075 vvs 1078 vw 
1105 ww 1112 vw Dp 2b, ay 
‘ 
1142 4 L138 s 1139 m dp 
a 1178 A 1182 vvs 1180 vvw 
1228 A 12355 m 229; ay by 
1275 A 1268 m 
a4 1325 1322 w ISl7 ww P B22; bs 
1375 B 1370 m 85: X be = 
l4l4 B 1413 m 410ms Pp 
$42; by x bg = 
1468 163; ay by b, 
1492 1486; b, x b, = a, 
150s 1499 m 1511; by ay bs 
370 
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Table ontinued) 


Infra-red 


Raman Interpretation 


Vapo 


1535 1540 vvs b, fundamental 
1563 1556 w 272 1286 1558; a) ay ay 
1620 136 1182 1618; b, by = a, 
1645 1647 vs 1648 ms dp ty and 6, fundament ils 
1656 1660 w 578 1653: ay ay ay 
1673 w 2 x 838 1676; 2b, =a, 
1715 1712 m 578 1138 1716; a, bo bs 
1754 1750 w 170 1286 1756; a, 
1782 vw 272 1514 1786; a, ay (ly 
vw 304 1514 b, ay bs 
1836 IS3SL w 325 L514 ay ay ay 
1855 1846 w 136 + 1410 = 1846; b, » a, = by 
IS9l w 718 1182 L900; ay b, 
1921 1913 vvw 272 1648 1920; a, Ly ay 
1949 1942 vvw 136 1514 1950; by y bs 
1989 1978 vw 71s 1268 1986; a, ay 
2012 1998 w 170 1540 2010; a, by by 
2110 20904 w 688 1410 2098: h b.. 
2113 w 578 1540 2118; a, b, bh. 


2608 


2650 vvw 1138 L514 2652; Dy ay b, 
2680 2671 w 1268 + 1410 = 2678; b, x ay = by 

2795 vvw 1286 1514 ay 
2825 2826 vw 1645 25350; Os @, OF 


2875 vvw 


2937 2939 w 1286 1648 2934: a 


a, ol 1, OF 
3026 3023 vw 2 1514 3028; 2a, a, 
S058 3065 w 1410 1648 BOOS: ay a, or 
3102 3105 m 3097 w ay fundamental 
3180 3184 w 1540 1648 3ISS:; 5, a, or by b, or a, 
3295 3300 vw 1648 + 1648 — 3296; a 


p partially polarized, dp depolarized, w weak, m medium, s strong, 
V very, A,B,C designate vapour band shapes, see Table 3 


| 
a 
f 
4 
5 2165 2146 vw 2 L075 2150; 2a, ay ; 
2210 vvw L075 1138 2213; a, h, b, 
t 2225 2226 w 718 1514 2232; a, ay ay 
“ 2259 2255 w 1075 + 1182 = 2257; a, x b, = by ; 
> 2365 2345 w 1075 1268 2343; ay b, b, 
2440 2423 w 1138 1286 2424; b, ay hb, 
2478 2467 w 1182 1286 2468; b, a, b, 
2495 2481 w 1075 1410 2485; ay 
~ . - 
2556 2548 w 1268 1286 2554; b b, 
- 
iy 2568 w 2 1286 2572 ay ay ay 
2591 2582 L075 1514 ay ay ay 
2616 vvw 1540 8615: a, h 
2 
ie 
a7 
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lable 2. Infra-red frequencies of pentafluorod uterobenzene 


Vapour Liquid Interpretation 


ay fundamental 


420 $35 m fundamental 


167 m ay fundamental 


b, fundamental 


ay fundamental 


hy fundamental 


674 vs fundamental 


705 TOL vs ay fundamental 


fundamental 


CHF, 


A S70 vvs fundamental 


1024 4 vvs fundamental 
146 1465 
1067 vvs fundamental 


1133 


1175 m 4, fundamental 


1°67 1268 w 4, fundamental 
1°77 vs a, tun lamental 
1323 B 1319 y 
13358 w 
1348 1344 vw 
351 vw 
i372 w 
1383 13835 w 
1405 B 1400 vs fundamental 
1426 1425 w 


1451 


194 
530 w 
540 w 
578 m 
602 w 
on 625 | 
243 738 vs 
753 m 
762 w 
778 W 
783 W 
S15 S17 w 
825 Ww VOl 
v 
ane ¢ 83 | ] 
16 
S73 1060 
RRR ss.) W 
w 
936 A 
042 w 
O56 w 
Ww 
1005 ve 
1146 m 
1157 1] 
1174 
i 
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Table 2 (continued) 


Vapour Liquid Interpretation 
1515 1511 vs a, fundamental 
1527 1525 vs b, fundamental! 
1537 
1547 1545 m 
1567 
1588 1579 m 
1608 WwW 
1644 1638 vs a, and b, fundamentals 
1679 1668 w 
1711 1698 m 

ete. 


2215 w 

2270 w 

2315 m ay fundamental 
2420 m 

etc, 


For explanation of sy mbols, see footnote to Table l 


Symmetry Number of {aman Infra-red 
class fundamentals activity band shay 
Type B, double peaks 
A. 3 dp Forbidden 
b, 6 dp Type C, PR sep. 13 em - 
prominent Q-branch 
h, 10 dp Type A, PR sep. 8 em“, 


medium Q-branch 


missing fundamental at an even lower value. A value 247 cm~' is suggested on 
indirect evidence; it provides an explanation of the weak but undoubtedly 
polarized Raman line at 495 em ! and also a weak infra-red band at 415 em~'. 

The C,F,D b, frequencies at 1638, 1525, 1268, 1018, 870, 625 and 435 cm~! are 
readily assigned by analogy and that at 1175 em~* is the strongest infra-red band 


in this rather confused region where a fundamental must lie. 


b, class 


Strong bands with clear C-contours are at 838 and 556 cm~! for C,HF, and at 
738. 674 and 494 cm~! for C,DF,. These figures show that there must be a CHF, 
frequency slightly above 674cm~'. The infra-red spectrum is confused in this 
region but there are two sharp Q-branches in the vapour at 674 and 697 cem~! 
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which must belong to type-C bands additional to the central absorption at 685 cm- 
attributed to a b, fundamental. The higher is taken as the b, fundamental since 
the C,HF, frequency is expected to be decidedly above the C.DF, figure. The 
remaining fundamentals are expected to he below 350 em~!. The Raman frequency 


of 217 em~! may belong to a fundamental of this class. 


as class 

The a, class frequencies should resemble the ¢,, and 6,, frequencies of C.F, 
since these frequencies are not functions of the mass of substituents at positions 
1 and 4. Arguments favouring 391 em~! as one such frequency for C,HF, have 
previously been given [5] The Raman frequency of 171 em~' may belong to this 
class but no value is suggested for the highest frequency which should be about 
600 em~!. In the absence of a Raman spectrum there is no evidence for CDF, 


frequencies which should be identical with those of C, HF. 


Combination fi 

Also given in Table 1 are explanations for many other spectral features in 
terms of the assigned fundamentals. In some cases more than one explanation is 
available: the details are presented principally to show that no important feature 
is without any explanation With nine unknown fundamentals it is unprofitable 
to attempt to explain the C,DF, combination bands. 


4. Partial reassignment of 1:2 -4:5-tetrafluorobenzene 


It is necessary that the C,HF, frequencies should be intermediate between 
corresponding features of the tetrafluorobenzenes and hexafluorobenzene. 1:2:4:5 
Tetrafluorobenzene has been fully examined and interpreted by NIELSEN and 
co-workers [4]. Work by the present writers reported elsewhere [9] on the intensities 
in the infra-red spectrum ol this molecule have confirmed the experimental 
findings [4]. but the earlier interpretation is not wholly consistent with the present 
work on C,HF 

The p-C,H,F, molecule is of V, symmetry and the fundamentals divide as 


ba 2a lb, 3h. Sb, Sb. 3h. if the recommendation | 7] 
is adopted that the z-axis passes through the H atoms and the z-axis be perpen 
dicular to the ring. For direct comparison with reference [4], class subscripts 2 


and 3 must be interchanged 

In the a, class a frequency near 1640 cm~" is to be expected as in other benzene 
derivatives and it seems likely that the Raman line at 1643 cm 1 arises from 
unresolved b,, and a, fundamentals and that the weak line at 1335 em~? is to be 
attributed as the first overtone of the b,, fundamental at 669 cm 1. Likewise it 
seems better to assign the 832 cm! line as 2 x 417 cm! and to seek a low funda 
mental possibly at 280 cm~! where there is a weak Raman line. The remaining 
Raman assignments are satisfactory except that there is some doubt as to whether 
the lowest b,, frequency is as low as 202 cm .. 
In the infra-red active classes it seems likely that there is one b,,, frequency 


9) D. SteeLe and D. H. Wuirren, Trans Faraday Soc. In press. 
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below 400 em~!, and if so the frequency 963 cm~! must be rejected as a funda- 
mental; 280 +- 700 = 980 em~!,a,  b,, = ,, provides an alternative explanation. 
Likewise the b,,, class is likely to have a frequency below 400 cm~? and the frequency 
755 em~! may be removed from the list of fundamentals. The infra-red spectra 
measured from 400-150 em~! for all these highly fluorinated benzenes will be 
required to settle these points of doubt. 


5. Comparison with related molecules 
To examine the self consistency in the assignment of these molecules, Table 4 
lists the fundamentals of C,HF, and C,DF, along with those of p-C,H,F, and 


Table 4 


Svmmetry 


{ lass class 


a 3097 3105 2315 1655 b, S71 838 714 
3088 1648 1638 1530 S69 697 674 595 
1643 1514 1511 1490 669 556 404 370 
1439 1410 1400 1323 461 ? ? 249 
374 1286 277 1157 295 217 ? 215 
1222 1075 1067 1011 2407 ? ? 175 
748 718 640 
TOO 578 578 559 by 1643 1648 1638 1655 
. 4187 170 167 $455 153 1540 1525 1530 
? 325 325 315 1277 1268 1268 1253 
280 272 ? 264 1196 1182 1175 1157 
1164 1138 1018 1011 
lo ca. 600 ? ? 595 1125 953 S70 691 
$17 391 370 853 688 625 443 
140° 


247 


For this purpose the frequencies of the latter molecules have been distributed 
as if the molecules possessed only C,, symmetry. 

With minor exceptions, which can be attributed to force constant changes, 
it can be seen that the C,H,F, frequencies lie above the corresponding C,HF; 
frequencies which lie above the C,DF,, frequencies which in turn exceed those of 
C,F,. Likewise the rule [5] requiring the () 1)th frequency of the lighter mole- 
cule to lie below the jth frequency of its neighbour is obeyed well. A single ex- 
ception is the out-of-plane C—H deformation at 869 em~* in ¢ '; HF, which is above 
the C,HF, value of 838 cm~!. Both assignments rest on clear band contours of 
very strong infra-red bands and the discrepancy must be attributed to a change 
of force constant. 
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Abstract —Eleven isotopr ethyl fluorides were prepared and investigated by the microwave 
method. Since both carbon atoms and all hvdrogens were successiv' lv substituted by °C and 
deuterium, the resulting structural determination 18 as complete as feasible at the moment 


The geometrical parameters found are: 


C—O 1-533 A 
C—F 1-379 A 
1-094 A 
C(2)—H(3) 1-092 A 
((2)—H(5) 1-098 A 
CCF 109°27 
110°06 
110710 


The “staggered’’ conformation was unambiguously proved. In all cases where rotational iso 
merism was to be expected the correct n umber of isomers was found and the microwave spectrum 


of each “rotational” species was analysed 


Introduction 

THE problem of hindered rotation about a C—C (sp—sp*) single bond (as in ethane) 
has been under almost constant discussion in the last 25 years. First, an excess of 
lines in infra-red and Raman spectra indicated the presence of more than one 
rotational isomer in cases where these would not be identical (e.g. CH, BrCH, Br). 
Even in cases where such differences did not occur (as in CH,CHs) the thermo 
dynamic properties of the substance strongly pointed towards hindered rotation 
with a barrier height of 2-3 kcal/mole. Once the presence and approximate height 
of the barrier was established, the question remained to be solved, whether the 
position of low energy was staggered (for ethane D,,-symmetry) or eclipsed (for 
ethane D,,-symmetry). 

Obviously, the simultaneous demonstration of the presence of the correct 
number of predicted rotational isomers and their structures is somewhat difficult. 
An electron-diffraction worker would naturally prefer substances like CCI,CF, to 
show what the equilibrium configuration is, but here there is only one rotational 
isomer. Conversely, the Raman and infra red spectroscopist sometimes can 
demonstrate the presence of the correct number of isomers but he has only very 
indirect means of proving what the equilibrium position is. It occurred to us that 
the microwave spectroscopy can do both things. If a series of isotopic molecules 
is investigated, extremely straightforward calculation of the positions of the atoms 

* The research reported in this paper has been sponsored in part by the Air Force Office of Scientific 


Research of the Au Research and Development Command, United States Air Force, through its European 
Office (Contract No AF 61 (052)-—73) 
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follows. This immediately decides the ‘‘staggered’’ vs. “eclipsed” problem. In 
addition the high resolving power available makes it easy to choose examples 
where even the maximum number of rotational isomers, namely three, is to be 
expected. Also, the fact that the molecules are isotopic, removes the complication 
of potential wells of unequal depth (as in, e.g. CH,BrCH,F). 

As a research object ethyl fluoride, CH,CH,F, was chosen. The pioneer work 
on the parent molecule was done by KrarrcuMan and Dattey [1]. They concluded 
that the configuration was “‘staggered’’ based on the observation of the three 
principal moments of inertia and some reasonable assumptions concerning bond 
lengths and valence angles. Their main problem seems, however, to have been a 
determination of the barrier height (4-26 kcal/mole). We cannot share the authors’ 
pessimism as to the prospects for refining the structural determination by means 
of data from isotopic species. Also, suitably deuterated species will show the 
presence of rotational isomers in a very elegant way. 

The barrier determination has later been refined by Herscnupacn [2] who 
found the value 3-30 keal/mole for ethyl! fluoride. 


Experimental 
The samples investigated were CH,CHDF, CH,DCH,F (67 per cent gauche and 
33 per cent trans), CH,DCHDF [33 per cent (a), 33 per cent (b), 33 per cent (c)), 
CHD,CHDF [33 per cent (d), 33 per cent (e), 33 per cent (f)], CH,@CH,F, and 
8CH,CH,F. The preparation of the deuterated species has been described earlier 
[3]. Their conformation is given in Fig. 1. In addition to the deuterated species 
two 'C-enriched samples were prepared. One sample enriched in CH,"CH,F was 
made as follows [4-7]: 
HCl 


CH I 20 m-moles KCN (22 per « ent ‘ nriched) 
3 (COCI), 


> CH,"COONa( vield 85 per cent) 
(yield 91 per cent)", 
CH,%CH,OH (97 per cent) ( H,8CH,F (51 per cent) 
The overall yield based on K!°CN was 38 per cent, so that 95 ml of an otherwise 
pure, isotopic mixture of CH,CH,F (22 percent) and ordinary ethyl! fluoride 
(78 per cent) was used for the microwave investigation. The effects of isotopy on 
the infra-red absorption curve was very slight. 
Another sample, enriched in both ®CH,CH,F and CH.“CH,F was prepared 
| 3 2 3 2 pre} 
by the following procedure: 
5-3 m-moles CH,'°CH,OH (22 per cent enriched) "2°, 
CH, = ®CH,(87 per cent)", 
SCH ,CH,Br | BCH,CH,F 
(90 per cent) 1", 
CH,CH,Br | CH,CH,F |} 


1] J. Krarrcuman and B. P. Datrey, J. Chem. Phys. 23, 184 (1955). 
2) D. Herscupacn, J. Chem. Phys. 25, 358 (1956) 

3) B. Bak, D. H. Curistensen, J. Moiver, and 8S. Deront, Acta Chem. Scand. 12, 2021 (1958). 
4) J. D. Cox, H. 8S. Turner and R. J. Warne, J. Chem. Soc. 3167 (1950). 

5) J. D. Cox and H. 8S. Turner. .J. Chem. Soc. 3176 (1950). 

F. Dranowzat and D. KLAMANN, Monatsh. Chem. 82, 460 (1951). 

V. F. Encewe and L. Parts, J. Am. Chem. Soc. 77, 4899 (1955). 
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The overall yield based on the isotopic ethanol mixture was 35 per cent, so that 
44 ml of an otherwise pure, isotopic mixture of “CH,CH,F (11 per cent enriched), 
CH,“CH,F (11 per cent) and ordinary ethyl fluoride (78 per cent) was obtained 


stigated I pper row 
tl i,-derivatives 


and used for the microwave investigation. Again, the isotopic effect in the infra 
red was small rhe enrichments obtained were sufficient for an unequivocal 
a lysis by the microwave method Tables | and 2). Microwave spectra were 
measured in the 17,500—29,200 MHz region with a conventional Stark modulated 
spec trograph described earlier [8 Frequencies are thought to be good to 0] 
MHz 
Calculation of rotational constants 

The measured microwave transitions (Tables 1 and 2) were formulated as 
functions of B C, 2A B C and b (C B)/(2A BC). From these, 
the best possible set of rotational constants and 4 was calculated for each isotopic 
species. as given in Table 3. Using the conversion factor 505.531 MHz/a.m.u.A2, 
we find the moments of inertia, also given in Table 3. The rotational constants 
in the table reproduce all Q-lines within 0-3 MHz and all R-lines within 3-7 MHz 


(average of numerical deviations 


Molecular model 


The co-ordinate system is indicated in Fig. 2. First, the hydrogen co-ordinates 


were calculated directly, using KRaircHMAN’s equations [9] (parent molecule 


B. Bak, L. Hansen and J. Rastrur-Anpersen, J. Chem. Phys 22, 2013 (1954). 
9) J. Krarronman, Am. J. Phys. 21, 17 (1953 
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Table 1. Observed microwave absorption frequencies (MHz) of mono-substituted ethyl fluorides 


qauche - trans- 


Transition CH,CHDF CH,DCH,F CH,DCH,F CH,"CH,F ™CH,CH,F 


l 23,144-55 24,735-6°8 28,081-65 27,092-75 27,935-28 
24,454-28 25, 860-08 29,122-0 28,343°1 
26,516-7° 27,615-18 
515 Dag 18,103-9 
64, -> 26,283-3° 22,776-2° 21,217-3 25,303-5* 23,233-15 
17,522-7 
212 > 3o3 27,717-58 22,509-6* 27,683-85 25,321-08 
313 > 19,657-6° 25,434-3* 
147° 23,056-7° 19,663-2 


19,443°88 
24,955 


20,540-9 


‘17 26,745-5° 22 673-8" 18.865-6 O95 


18,348-2 


identified 


Table 2. Observed microwave absorption frequencies (MHz) of ethyl fluoride i, and -d, 


CH,DCHDF 


CHD,CHDF 


Transit 


01 10 20 806-0" 20, 766-08  23,450-08 18. 800-55 90.995-7 953-78 
21,984-1 22,045-2* 24,580-2* 19,898-08  22,029-5" 22.076-1 
303 23,837-4 24,066-1% 26.348-08 21,630-4° 23 647-65 23 840-0 
toa > Shs 26,466-0 24,090-2 25,928-2* 26.335-9 
23,618-7° 25,551-18 22, 841-08 22 OO1-9* 9). 875-38 29 592-7 
212° 26,935-4° 27,116-9 
229 24,152-3° IS,418-7%" 18,418-7 
fog > 19,048-2 22.613-8 23.451-0 
Doge 43) 18,868-2* 25,823-1 25,432-2 
24.595 { 


Stark wWentified 
® Not resolved 


CH,CH,F) and the experimentally determined changes in moments of inertia on 
isotopic substitution of these atoms, one at a time (Table 4). KrarrcHMan’s 
procedure never gives the sign of a co-ordinate, but by excluding “ridiculous” 


4 
93 16 PU 4 
5 s 
0 
25,025°1* 
6.. 5s. 27,874-3 
. 
‘a5 O34 21,542-8 
Fag 
‘Stark 
tark 
= 
ion 
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4. B and C (MHz), asymmetry parameter }, and principal 
thy! fluoride and eleven isotopic species In the 


Table 3. Rotational constants 
moments of inertia I, and J, (a.m.u.A®*) of 
last column 1s given I, 1.) a.m.u.A®. 


CH.CH,F 26.070: 30 9364-54 8190-74 0-0213426 14-0152 53 «61-6521 3466 

CH .CHDF 31.1402 9252-65 O-O270150 16-2340 54-6365 63-2269 7 6436 

Dt H,t 8053-00 7866-31 0-0224805 15-5062 56 $587 64-2653 7-H006 

CH,DCH,F 95.693-3 8623-86 7611-59 0-O183545 14-1632 58-6200 66-4160 63672 

CH 35.2501 O365-66 8157-15 O-O228110 14-3415 53-0771 61-9740 63444 

HF THSO 16 14-0756 55-6108 63-3485 3469 

CHM HDF a) 28,503-6 8825-73 7696-11 0-0279019 17-7357 57-2792 65-6866 43283 

416-3 S872-88 T6487 17-7902 56 4748 66-0830 s-OS14 

30. 887-7 8528-66 7437-55 O-O238101 16-3667 50-2744 67-9703 6708 

CHD.CHDF (d) 26,2061 8457-65 7405-06 §-0287990 19-2906 59-7720 68-2683 10-7943 

28 183-7 8185-21 7187-84 —O-0243204 1% 0370 61-7615 70-3314 03671 

fy 28,1010 8227-57 7147-50 0-0264548 17-0808 61 4435 70-7284 s-7040 


models the correct signs could easily be chosen, except for the a-co-ordinate of 


H(1). Our choice of the minus sign is supported by 
verimentally determined rotational constants of di 
ably better reproduced than by using a positive @y. (2) By 


two arguments. (1) The 
and tri-deuterated ethy! 


eX] 
fluorides are consider 


Fig. 2. Ethyl! fluoride n jecule with its prin ipal axes (upper), 


and ethyl flu ride viewed along the ¢ C bond (lower) 


H(4) cut almost exactly at the 


choosing minus, the lines H(2) H(3) and H(1) 
middle of the C—C bond whereas a 0-05 A deviation is found for the plus value. 
s given later (see footnote p. 382). 
H(1) a-co-ordinate is rather 


A further argument for preferring negative @y,,)! 
It must be noted that the numerical value of the 
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Table 4. Co-ordinates and structure of ethyl fluoride. 


4 


Hil) 00-0658 1-2076 O-8902 
H(2) 0-0658 1-2076 00-8902 
H(3) 1-327: 0-S8872 O-SS875 
H(4) 1-3273 O-S875 
H(5) 21645 00-4093 0 
0-5759 0 
(‘(2) 12891 (2529 0 


1-O897 0-2699 


( 1-533 A 


C—F 1379 A 
Cl H 1094 A 
C(2 1-092 A 
( 5 1-098 A 


27° 

C(2)C(1I)H 
110-06 


inaccurate. The c-co-ordinate of H(5) was assumed equal to zero (symmetry). 

It is easily seen from the co-ordinates of Table 4, that ethyl! fluoride is staggered. 
To the best of our knowledge this proof is the simplest, most direct, spectroscopic 
proof of the staggered conformation about the carbon—carbon single bond (Fig. 2). 

Of course, the choice of ethyl! fluoride as the “parent” molecule is completely 
arbitrary. We were interested in seeing what our numerical material can yield 
when other isotopic species such as CH,CHDF, etc., were chosen as the basis. 
These operations involve a change in co-ordinate system, but corresponding H H 
distances should come out equal, independent of the choice of co-ordinate system. 
Our results are summarized in Table 5. 


Table 5. Calculated H—H distances (A) using different “parent” molecules 


j 


CH, DCHDF,a CH, DCHD! CH.DCHDI 


+ cyis) found by assuming H(3 H(5) Hi4 H(5 


j 
Parent” molecule ¢ H,f H, 
Co-ordinates (A) a | c 
0 
| 
4 it 
= 
H(2 1-780 1-780 
H(1)—H(3 2-516 2-515 2-499 2-498 2-523 2-495 
H(l)—Hi5 2-531 2-533t 2-409 92-5374 500 
H(3)—H(4 1-775 1-774 1-774 1-773 1-774 
H(3 His 1-780 1-768t 1-770+ 1-768 1-769 f 
H(4)—H(5 1-780 1-768 1-770 1-768 1-769 
4 
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Except for the trans-CH,DCH,F we cannot assume (as above), that the e- 
eo ordinate of H(5) is zero (in the inertial system of the parent molecule in question). 
Although this co-ordinate can be calculated, using the KrarrcHMAN formulae, 
its value is very inaccurate. However, the H(3) and H(4) co-ordinates are accurately 
known. By assuming equality of the two distances H(3) H(5) and H(4)—H(5), 
the c-co-ordinate of H(5) was fixed. 

As shown by Table 5 the deviations in most cases are well below | per cent.* 
It may be noted that the triangle H(3)—H(4)—H(5) is very nearly regular, in 
harmony with results from other molecules showing the geometry of the methy! 
group to be very well conserved irrespective of its chemical surroundings. As to 
the two carbons, the co-ordinates of ((2) situated far from the inertial axes are 
unambiguously fixed. The h-co-ordinate of C(1) is well-determined, but if the 
KRAITCHMAN formula is used in an attempt to find dey) [2], a negative value 
results. The difference 1(CH,8CH,F L(CH,CH,F) = 53-9771 53-9835 

60-0064 a.m.u.A? is so close to zero that we have chosen to neglect it, hereby 
setting 4.,, 0. Increasing numerical values of a bring us into more and more 
serious conflict with the measured rotational constants. 

The fixation of the KRAITCHMAN co ordinates of the fluorine atom iny olves the 
difficulty, unsurmountable at the present, that no fluorine isotope is available. 
By definition the c-co ordinate of fluorine = 0. The a- and b-co ordinates were 
fixed by means of J, and /, for CH,CH,F. The complete set of co-ordinates for 
all eight atoms fit with fair accuracy into the two adequate first-moment equations, 
whereas, to start by satisfying the two latter equations, gives a detinitely poorer 


fit for the moments of inertia. 


Conclusion and discussion 

Our final model of C,H,F (as given in Table 4) shows that we have arrived at a 
set of interatomic distances that agree with the-rule that substitution of one 
hydrogen of a hydrocarbon molecule by fluorine introduces only minor changes 
in the geometry of the radical, and, in particular, no great change in the adjoining 
(—C bond (Table 6). 

The C—F distance measured 1-379 A. and is in fine agreement with the distance 
measured in CH,F, 1-385 A. Also, the C H distances and all valence angles lie 
in the expected range. The properties of ethyl fluoride have sometimes been 
correlated with resonance structures (f, 7, - - -), Tepresenting parts of the electronic 
wave-function, which mainly consists « f the “‘classical”’ valence-bond structure («): 


H 


H 


The now well-established fact that ©—C bond lengths in ethane and in ethyl 
fluoride are about equal and very far from the C=C double bond distance (== 1-335 
is changed to plus, discrepancies as large as 5-6 per cent occur. 


If the sign of 
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A), seems to rule out (6) and (y). Hence, there is probably a “normal” ( 
single bond in both ethane and in ethyl fluoride. 

The status of the C—F bond is harder to find out. As pointed out there is, 
within the limits of error, the same C—F distance in methyl and ethy] fluoride. 


Table 6. C—C bond distances (A) in some molecules and their 
mono-fluoro derivative 


C distance (A) 


CH,—CH, 1-339 10) 1-337 (1: CH,—CHF 
Benzene 1-397 [13] 395 C,H,F 
CH,CH, 1-536 [15] 533+ CH,CH,F 
CH,CHO 1-501 503 | CH,COF 


+ This investigation 


In a third simple fluoride, (CH,),C*F, structures like (6) are excluded or highly 
reduced [18]. On the other hand, structures like (f’) now gain in importance since 


there are nine wave-functions of the (f’)-type, whereas there are only three in the 
case of ethyl] fluoride. In fact, experimental evidence [19] favours this view, since 
the measured C—C*-distance is abnormally short, viz. 1-516 A. The C*—F bond, 
with its measured length of 1-43 + 0-02 A, may, therefore, be a ‘long’? C—F bond. 
The C—F bonds in methyl and ethyl fluoride have a fair chance to be close to a 
“pure” single bond. 


10) J. M. Dowie and B. P. Sroicnerr, Can. J. Phys. 37, 703 (1959 

11) B. Bak, Crristensen, L. Hansen-NyGaarp and J. Rastrup-ANDERSEN, Spectroc 
120 (1958) 

12) H. W. Moreaw and J. H. Goipsrein, J. Chem. Phys. 30, 1025 (1959) 

13) A. LANGsetH and B. P. Sroicuerr, Can. J. Phys. 34, 350 (1956 

14) B. Bax, D. Curistensen, L. HANSEN-NyGAARD and E, TANNENBAUM, J. Chem. Phys. 26, 134 (1957 

15] A. ALMENNINGEN and QO. Bastiansen, Acta Chem. Scand. 9, 815 (1955 

16) R. W. Kure, C. C. Liw and E. B. Witson Jr., J. Chem. Phys. 26, 1695 (1957) 

17| L. Pouerce and L. C. Krisner, In press 

L. E. Surron, Tetrahedron 5, 118 (1959). 

19} D. R. Lupe, Jr. and D. E. Mann, J. Chem. Phys. 29, 914 (1958). 
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\ method of spectrographic analysis using a condensed spark technique for the deter- 


Abstract 


mination of Ca, Mg, Mn, B and Fe in an acid solution is described \ compound disk electrode, 


made by sandwiching filter paper disks between copper disks, replaces the more commonly used 


irbon disk. An outstanding feature of the assembly is the low cost of filter paper disks com 


pared with that of carbon disks 


Introduction 


THE main reasons for the development of this compound rotor electrode for the 


analysis of solutions were the limited range of analysis of the porous cup method | 1] 


in respect to the concentrations and number of elements determined and the high 


cost of carbon for rotating disk techniques. There seemed to be no reason why the 


carbon rotating electrode system could not be modified to produce an equally 


efficient vet cheaper method of analysis. The use of filter paper disks (contained 


in the rotor), replacing “boron free’’ carbon disks, ensures that the estimation of 


boron in plant material may be carried out at a very low cost. Various types of 


plant material in acid solution have been analysed by this method, with results 


comparable with those obtained by other spectrographic methods. In considering 


the design and construction of the present rotor electrode unit. the corrosive nature 


of the material to be examined has been recognized, and as far as possible the unit 


has been constructed of non corrodible materials 


Rotating electrode unit 


\ general picture of the complete assembly and a rear view showing the electri 


cal connexions is presented by the outline sketch of the unit mounted on a Bar-fit 


stand (Fig. | The caption in ludes a key to the lettered components, Perspex, 


which possesses high electrical insulating properties and is impervious to acid 


solutions, has proved to be an ideal material for constructing this type of apparatus. 


Points in the apparatus where possible corrosion might occur, i.e. where contacts 


are made with the electrodes in the presence of acid vapour have been eliminated 


by the use of a spring-loaded carbon contact (2) and a spring-loaded carbon clamp 
k). The shape of the counter electrode (/)) is an important factor in the reproduci 
bilitv of results. A pointed-end electrode tends to give an uneven temperature, 


which results in a variable emission. The diameter of a truncated-cone electrode 


corresponding to a similar width of the disk electrode ensures a lower temperature 


viving a more consiscent emission. 


C. Fecpman, Anal. Chem. 21, 1041 (1949 


Spectrochit Act Vol. 16, pp. 38100339. 
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The driving mechanism (@, /) and traversing slide (7) were originally designed 
for a choice of rotations over the range of from 4 to 30 rev/min, the speed finally 
chosen being 14-16 rev/min. The exploded view of the rotor (f) in Fig. | shows a 
6 BA serew fitted with a tapered head (8 mm in diameter), which holds together 
four filter paper disks and two copper disks, each 19 mm in diameter. The threaded 


Fig. 1. Sketch showing rotor electrode unit mounted on Bar-fit stand and rear view 
with unit removed showing connections for electrical supply 
(4) Brass bracket connecting spring-loaded carbon contact B) to h.t. line through leaf 
spring contacts AN B) Non-corrodible carbon contacts (spring loaded ( Perspex 
mounting base containing wiring for h.t. and general assembly D) Copper counter 
electrode (E Non-corrodible carbon spring loaded clamp for copper electri vcle Db 
(F)¢ opper rotor lectrode, ( expl view Rotating shaft with frictior driven wheel, 
loose-coupled to rotor electrode H) Perspex cover for (fF) and (G@ I) Friction wheel 
driven by (K) J) Traversing slide containing gear and motor for varying friction gear 
ratios K) A.C. motor. (L) Perspex trough for solution, (/) cross-section of trough 
(M) Perspex base (for mounting (C)) centered on insulating post (N) Leaf-spring contacts. 
(O) Socket connecting Lt. supply to motor P) Sockets connected to leaf-spring contacts 
for h.t. supply 


part of the brass-headed screw passes through a hole in the centre of each disk and 
screws into a Paxaline insulating spindle of 8 mm diameter and 2-9 em in length. 
When all the disks are screwed firmly together they have an overall thickness of 
mm. 

The paper disks are cut from a sheet of Whatman no. 20 chromatography paper 


by a rotating yuunch being slowly pressed on to a folded sheet of paper. The disk 


electrode is renewed after each test, by discarding the paper disks, cleaning the 
copper disks and then replacing fresh paper disks. For convenience the copper 
disks are collected and cleaned after a series of tests have been completed. The 
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disks are placed in a beaker and covered with dilute nitric acid, then rinsed in 
distilled water and dried with filter paper. The tip of the counter copper electrode 
is also cleaned after each test by dipping in dilute nitric acid and rinsing with 
distilled water. 

The Perspex trough (/) has the approximate dimensions of 1} in. « }§ in. « § 
in. with an internal depth of , in., i.e. approximately | ml capacity. The trough is 
designed to hold sufficient solution so that the rotor is initially submerged to a 
depth of 2 mm, ensuring that the level does not fall beyond a 0-5 mm depth of the 
submerged rotor during the 2 min sparking. 

The wiring of the 10,000 V line for the spark discharge is concealed in the 
base (C) containing metal strip contacts, which are connected to power supply 
(P) through leaf-spring contacts (V), when aligned with the base (7) on the Bar- 
fit stand. The low tension supply (O) for the motor has similar connexions in the 
base (M and (). This two-piece arrangement allows for the main unit to be dis- 
connected from the power lines for cleaning or when replacements are needed. 


Analytical procedure 

The plant material presented for analysis must be cleaned [2) free of any 
adhering substances by washing, then wrapped in a muslin cloth and dried in an 
oven at 80°C. When completely dry the material is ground in a Christy—Norris 
mill and stored in glass sample tubes until required for analysis. The ground plant 
material (200 mg) is ashed overnight at 450°C in a silica boat and the ash allowed 
to cool in a desiceator. The ash is transferred to a 5 ml beaker to which is added 
ml of hydrochloric acid solution (1 vol. cone, HCl + | vol. H,O) containing 
2-5 mg Zn/ml: 0-7 ml of the ash solution is pipetted into the Perspex trough which 
s then placed in the electrode stand. As a precautionary measure, to ensure that 
the apparatus is rendered electrically safe during the assembling of the electrodes 
and the placing of the trough, the low tension side of the circuit is broken at two 
points, by a spring-loaded double-pole switch and subsidiary break in the line. 
The rotor electrode is assembled by sandwiching four filter paper disks between 
two copper disks, the disks being secured by passing a screw through the centre 
and firmly screwing into the Paxaline insulating spindle. The sandwiched disks 
are moistened with distilled water and positioned in the trough containing the 
ash solution by springing back the carbon contact and loose-coupling the rotor 
with the rotating shaft. The preliminary moistening of the paper disks allows a 
concentration of ash solution to be contained at the rim of the rotor throughout 


the test. The spark gap of 2-5 mm is set during the preliminary revolutions of the 


rotor, by holding a 2-5 mm thickness of Perspex next to the rotating electrode 
and adjusting the height by lowering the counter electrode. When the correct 
distance for the gap is obtained, the Perspex piece is ejected by the movement of 
the rotating electrode. When all the above preparations are completed the sub- 
sidiary break in the circuit is closed by the positioning of a sheet of Perspex 
18 in. 18 in. Lin. fitted with metal contacts, the sheet acting as a switch 
and protective screen. An exposure time of 2 min is allowed for each test, and since 


2) A. C. Mason, Rep. E. Malling Res. Sta. 104 (1952). 
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only a limited spectral range is used at any time the exposures are taken on photo- 
graphic half plates. 

Photometry. The calibration curves are based on the blackening-curve method 
|3, 4]. Briefly, this method consists of measurements against an internal standard 
and element density curves, to yield a ratio called a separation value. The con- 
centration of an element can then be determined by reference to a log concentration, 
separation curve. The use of a 2: 1 ratio stepped sector produces stepped line 
spectrograms and the relative step density measurements are obtained from micro- 
photometer (0-50 scale) readings. The calculation of the relative stepped density 
separations is assisted by the use of a specially designed slide-rule [5]. The element 
lines and internal standard line, together with ranges of concentrations based on 
100 mg dry weight of material, are indicated in Table 1. 


Table 1 


Analysis Internal standard 


line line 
(A) range/100 mg dry wt. 


Concentration 


(A) 


0-60-4-5% 
0-10-0-80% 
15-300 p.p.m. 
20-130 p.p.m. 
50-500 p.p.m. 


Ca 3006 
Mg 2779 
Mn 2576 
B 2497 
Fe 2382 


to bo bo bo bo 


Voc o 


bo bo bo bo te 


Calibration curves. In preparing calibration curves (Fig. 2) two solutions are 


required. A standard solution corresponding in composition to plant ash contains 
known concentrations of the elements to be determined and a second solution 
contains an internal standard. It was found that hydrochloric acid solution (1 vol. 
cone. HC] + 1 vol. H,O) gave conditions of maximum sensitivity. A standard 
solution covering the range of concentrations shown in Table | was prepared by 
dissolving the following constituents in 50 ml of hydrochloric acid solution (1 vol. 
cone. HCl + 1 vol. H,O): K,CO, 1-219 g, CaCO, 2-026 g, NaCl 6-3 mg, FeSO,(NH,), 
SO,.6H,O 56-73 mg, MnSO,4H,O 20-58 mg, H,BO, 29-02 mg, MgO 0-172 ¢g 
and H,PO, 0-256g. From this standard solution, known dilutions were 
made with hydrochloric acid (1 vol. cone. HC! | vol. H,O). To each dilute 
solution is added an equal volume of hydrochloric acid (1 vol. cone. HCl + 1 vol. 
H,O) containing 5-0 mg of zinc/ml. Each point of the calibration curve (Fig. 2) is 
the mean of five readings, obtained with the standard solutions prepared as described 
above. It will be noted in Fig. 2 that both parts per million and percentage 
concentration are sited on the one log paper, each concentration scale being 
associated with the elements concerned. 

Reproducibility. To check the reproducibility of the method a series of tests 
3) I. A. Buack, Spectrochim. Acta 4, 519 (1952) 


[4] R. L. Mrrewe cyt, Commonw. Bur. Soil Sci. Tech. Comm. No. 44 (1948). 
[5] H. J. Purtcox, Spectrochim. Acta 10, 119 (1957). 
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Sede! density seporatons 
Fig. 2. Calibration curves —percentag concentration Ca, Mg and Fe, B, Mn (p.p.m.) 


on a bulked sample was carried out. The results are shown in Table 2 as mean 


values and coeflicient of variation for different amounts of sub samples. 


Table 2. Analysis of plant material (apple leaves 


Ca 3006 A Mg 2779 A Mn 2576 A 8 2497 A Fe 2382 A 


Dry wt 


Mean Mean Mean " Mean 
val.* 


\p p.m ) 


a mean values for ten determinations 


T coefficient of vaniation of a single determination 


The values were obtained from calibration curves (Fig. 2) based on 100 mg of dry 
weight material. It will therefore be seen that to relate quantities of less than or 
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The design and use of an improved rotating-disk electrode 


more than 100 mg a factor 100/x value must be applied, x being the weight of 
sample taken. The use of this factor enables the same calibration curve to be used 
for a range of concentrations. 

An example of the application of the method to the analysis of a range of plant 
material is shown in Table 3. Although the materials examined differ in com 
position, the values were obtained from the calibration curves previously described. 
The values obtained by the spectrographic method show a fair measure of agree 
ment with values obtained by chemical methods, although there is a tendency for 
the Mn and B to be higher when determined spectrographically. 

Table 3. Analysis of plant material: comparison of 


spark method with routine chemical methods 


Mg Mn Ke 


(p-p.m.) (p-p.™.) 


Material 


Lucerne 1-64 1-64 0-170 0-150 
Tomato leaves 5°35 5Sl 0-655 0-620 
Herbage 1-10 0-98 214 
Kale leaves 2-88 3°27 0-142 : 3f 3: 132 
Apple leaves 1-86 1-75 0-236 23: 76 4: 161 
Cauliflower 3-62 3°20 0-295 2s! 3: 26 350 
leaves 
Broccoli leaves 2-6: 2-65 0-280 } 147 150 
Wheat straw 43! 0-370 0-085 0-080 50 47 5 2 79 97 


Ss . results obtained by routine chemical methods in the Plant Analysis 
Section, 


tories of the Regional Soil Chemist, National Agricultural Advisory Service, Bristol. 
Equipment details 
Spectrograph Hilger E498 quartz optical system. 
Slit width (mm) 0-025 
Spark gap (mm) 2-5, focused on collimator. 
Sector Hilger rotating 2 : | six stepped sector. 
Upper electrode “Matthey” copper rod, 5 mm 15 em. 
Lower electrode Compound rotor 19 mm diameter. 
Spark source Transformer } kVA, 200 V-250 V, secondary voltage 
(open circuit) 10,000 V. 

Capacitance 0-04 uF. 

Added inductance approx. 35 wH. 

HF choke in mains input. 
Wavelength range (A) 3500-2300. 
Photographic plate Iiferd Ordinary N.30 half plate size. 

» 


Exposure time (min) 


Acknowledaements—The writer wishes to express his thanks to Mr. J. B. E. Patrtrerson for 
permission to publish values obtained chemically for boron, also to Dr. A. R. N. Gorrop and 
Dr. D. J. Avery for their suggestions in presenting this paper and to Miss M. E. Jenner for 
her valuable assistance during the whole of the work. 
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RESEARCH NOTES 


Stabilized free radicals in salt matrices 
Recerve 1S December 1050 


» be stabilized. examined and identified by a variety of methods 


‘trix which is transparent to both infra-red and ultra-violet radiation 


nov 


ir photochemical preparation and infra-red examination, and the only 


ese conditions through yut the norm ully iccessible regions ot the 


filfil th 
! d are inert gases and atomic tons A condensed inert-gas matrix at 
has been used for this purpose [4], but it is limited in seope by the light- 
f the condensed gas and is also nfined to solutes having an appreci- 
! t room t perature We have been able to stabilize radicals 
high temperatures | 1 simple me thod involving the use of a pressed 
hlorice hich is transparent throughout the ultra-violet visible and 

t! nectrum from about 220 mu to at least 15 4 
thods of infra-red spectroscopy wer used to prepare a pressed disk 
<tu f potas hloride and an organic substance which could be 
radicals, the meentration of the organic solute being per 
he dis Ls led and photolvsed in a specially designed optical Dewar 
ryt ectrul is examined at low temperatures before and after 
= under thes nditions. several organic solutes showed new ultra-violet 
| rea hen the disk was allowed to warm up The 
d in tl » were assigned to free radicals by comparison with 
i pre “us work using organic matrices [1.5.6|. The positive results 

lransien 


7 
16 
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i i 
: 
Lay. 
_ Proc. Soe. A. 230, 399 (1955 
H. 7 96, 1702 (1954 
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Research notes 


In these experiments the disk temperature was —110 to 115°C. An additional experiment 
in which benzhydrol was photolysed at about —70°C showed that diphenylmethy! radicals 
were again formed and stabilized. The structure of the pressed disks was examined by 
optical and electron microscopy, and indicated that the free-radical stabilization process 
probably occurs, at least in part, in miecrocry stals of the solute. 

In addition to the ultra-violet spectra, infra-red absorption spectra of the photolysed 
disks were recorded. These spectra showed additional bands after photolysis which 


disappeared when the disk was allowed to warm up to normal temperatures and are 
therefore also to be assigned to unstable photolysis products. The work is now being 
extended to the study of smaller radicals at lower temperatures. 


bene ol line ment 


Schenectady, New York, for financial support 


We ar grateful to the General Electric 


hemistry De partie nl PoRT! R 
The University, Nhe {hiv ld 


J. CHILTON 


Further comments on the variable internal standard method 


ed 19 Fe 


wary 


\ RECENT note [1] describes a quick but efficient method of evaluating calibration data for 
background-corrected curves in the variable internal standard technique. The working 
curve is obtained as a regression line of log /, I. against log C’,, the general expression for 


the CO ordinates ot the correction curve is 


per cent ¢ log l, log l, 


I, intensity of trace-element line 


/ intensity of internal-standard lin 


respective concentrations of trace and internal standard elements 


me Jallkainu average log intensity ratio for the standard data from set 4,2 
7 iH 


ind the working curve is derived from the data for set ( 

In some recent correspondence it has been suggested to the author that this scheme 
still suffers from two main disadvantages: (a) the correction curve is based on all the data 
whereas the working curve is based, as in the original scheme [2], on only one-sixth of the 


total available data, and (b) the proposed scheme requires graphical computation 


1! A. B. Catorr, Spectrochim, Acta 1§, 280 (1959), 
R. J. Soc. Chem Ind London 65, (1946), 
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Since the fundamental assumption of spectrographic analysis is contained in the 


equation 


where a. constants dependent on the conditions of excitation it is agreed that equal 


weight should be given to (', and (', in all subsequent calculation This is in fact done by 


demonstrating the lack of any significant differences between m values (m gradient of 


regression line) for the data from ea¢ h standard set. In practice a value for the average 


gradient derived in a calibration Is obtained as m 0-08 OoOL <A difference between 


the slopes of two lines of general form ) mX —a may be tested by pooling the 


variance from each line, when 


pooled ) 


where 8, - variance of log J, he about the regression line and 


N number of points on which the regression-line equation 1s based. 


The variance of the ditlerence hetween the slopes 3| is given yy 


with the usual notation, for .\, Ny $ degrees of freedom 
With regard to the second criticism graphical computation can be avoided in the 


following manner. If a logarithmic s ale be used for the internal standard in the correction 


graph, a sti ight line of slope 45° Is obtained. If this modification Is introduced it is obvious 


from the nature of the calibration curves both having gradients of unity, that 


log Cy log log © log Ip /1s 


where (, the value of C,. when log 


This eX] ression may be put in the form 


log ¢ log ¢ log ¢ log I, le 


S 


Since (log C,'C.)_, .. is fixed by the calibration there is no need to refer to the calibration 


curves, except above (, 1500 p.p.m., where the slope of the working curve falls off [2). 


A. B. CALDER 


Haydon House Fairfie ld Road 


Ntockton on-'T e s Co. Durham 


[3] W. J. Youpen, Statistical Methods for ¢ hemists. Wiley, New York (1951). 
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The vibrational spectra of phenyl thiocyanate and benzoyl isothiocyanate 
Received 21 February 1960 


Ix A previous study of the vibrational spectra of some isothiocyanates {1} we concluded 


that NCS groups in different types of environment show the following characteristic bands 
(1) Aliphatic CH,N¢ S) and aromatic ArNCS isothiocyanates 2100 em~!. a broad and 
strong infra-red band with integrated intensity B about 15 104 mole! L. em~?, half- 


width about 100 cm-!, and a moderately strong, broad and double Raman band 


2) Aliphatic isothiocyanates— LOMO em ! « strong band in both the Raman and infra-red 


spectra 
(3) Aromatic isothior vanates 1250 em 1 a very strong Raman and very weak infra-red 


hand and 030 cm l a strong infra-red and moderately we ak Raman band 
The infra-red spectrum of a benzoyl isothiocyanat« solution in the 2000 cm~! region 


has been obtained by other workers [2], and we now report fuller infra-red and Raman 


spectra of this compound together with the infra-red and Raman spectra ol phenyl thio- 
cyanate These spectra confirm the above identification of the characteristic isothiocyanate 
bands 

Benzoy! isothiocyanate was prepared by the method of E.more and Oc [3] and was 
vacuum-sublimed before use. The sample of phenyl thiocyanate was kindly provided by 
Dr. D. Wutuis. The spectroscopic techniques use d are described in our previous paper {1 
The infra-red spectra of these compounds, together with that of phenyl isothiocyanate 


are shown in Fig. 1 and their Raman frequencies art listed in Table | 


Table 1. Raman frequencies (cm l 


Benzoyl 168 vw. 195 vw. 490 w, 612 m, 704 m br, 846 vw br, 996 vs sharp, LO20s, 
1062 m. 1082s. 1157 w, 1177 w. 1238 m br, 1294 m 1425 w diff, 


1444 w. 1591 vvs. 1690 vs br asymm 


Phenyl 905 vw. 276 w. 393 w, 689 w, 995s, 1017 m, 1086 m, 1580 w, 2150 m 


thiocvana 


Phenul thiocyanate C.H.SCN 


The infra-red spectrum of this compound shows a shary moderately intense band at 
2175 em~!. which is characteristic of organic thiocyanates |4 The integrated intensity 
B in carbon tetrachloride solution is 0-21 104 mole-! |. em-*, apparent half-width 
ll em~! and apparent émax 17. Furthermore there is, as expected for a thiocyanate, no 


strong Raman line at 1250 cm~' and no strong intra red band at 930 em~!. The moderately 
strong Raman and infra-red band at 1086 cm 1 which is not observed in methyl thiocyanate 
1). is assigned to Warren's qg-vibration, which is a combination of an In plane C—H 


deformation and the C—WS stretching vibration [5 


l Ham and J. B Wi s. Spect him Leta 16, (1960 
2| D. T. Ecmore and J. R. OGie, Letrahedror 3, 310 (1958); and personal mur ition ft | 


ELMORI 
81 D. T. E_wore and J. R. Ocie, J. Chem. S 1141 (1958 
4 LIEBER, N R na J RAMACHANIDRAD Spectrochim Leta 13, l 


5! D. H. Wutrren, J. Chem. Soc. 1350 (1956). 
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FREQUENCY IN WAVENUMBERS 


4000 3500 3900 2500 2 1750 1500 i250 1000 


copilicry film 


TRANSMISSION 


PER CENT 


— 
--— copiliory film 
4000 3500 $000 2500 2000 


Fig. 1. Infra-red spectra of benzoyl! isothiocyanate (capillary film), phenyl] isothiocyanate 
(0-063 mm layer) and phenyl thiocyanate (0-063 mm layer and capillary film). In the 
infra-red spectrum of phenyl thiocyanate, the broad peak at 2075 em~' and shoulder at 
2125 em=! suggest the presence of about 3 per cent of an isothiocyanate, The intensity 
values quoted above have been corrected to allow for this. 


Be nzoyl Tsoth vocyanate C,H,.¢ ‘O.NCS 


This acy! isothiocyanate has its broad strong NCS infra-red band at 1995 em~', with a 
half-width of about 100 em=! and a subsidiary peak at 1950 cm~', which is probably due 
to a combination band of the out-of-plane C—H deformations. The integrated intensity 
B in carbon tetrachloride solution is 21-0 « 104 mole! 1. cm~*, with an émax of 830, and 
these figures are higher than those reported for any other isothiocyanate (1,6,7). The 
lowering of frequency and increase of intensity, compared with other isothiocyanates, 
suggest that there is interaction between the NCS and CO groups [2] and this inference is 
supported by study of the carbonyl band,* whose frequency (1703 cm~') and intensity 


(B — 3-7 mole! |. em=2) resemble not so much the values for acetophenone (1692 
em™~!, 2-1 104 mole—! 1. as those for acetanilide (1705 3-1 x 104 mole 1. em~?) 


[8]. The compound differs from aliphatic and aromatic isothiocyanates in showing no sign 
of the 1995 cm-! band in the Raman spectrum, but resembles methyl, ethyl and phenyl 


* This band has a slight asymmetry on the high-frequency side (near 1715 em") which is perhaps 
the first overtone of the strong band occurring at 850 cm~* in the liquid, intensified by Fermi resonance. 
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isocyanates, where the Raman counterpart of the strong 2260 cm! infra-red band has 
not been observed. [9] 


The NCS group here is not connected directly to the aromatic ring, so there is no strong 
Raman line at 1250 em! and no strong infra-red band at 930 cm~!. The strong infra-red 
band at 1245 cm~! is due to the CO group and is related to the strong infra-red band at 
1205 em~! in benzoyl! chloride, while the weak infra-red band at 930 cm~! is due to an 
out-of-plane C—H deformation vibration which also gives a band at 930 cm~! in benzoyl! 
chloride. Since the group C-—NCS is similar to that in aliphatic (—CH,NCS) isothiocyanates 
a strong Raman band is found, as expected, at 1082 em™'. 


L. Catpow and H. W. Trompson, Spectrochim. Acta 18, 212 (1958). 
| =. SvareK, R. ZAHRADNIK and A. Kjaer, Acta Chem. Scand. 18, 442 (1959). 
+. M. Barrow, J. Chem. Phys. 21, 2008 (1953). 
{9} K. W. F. Koniravuscu, Ramanspektren pp. 298 and 381. Akademische Verlagsgesellschaft, Leipzig 

(1943). 

Norman 8S. Ham 

Division of Chemical Physics J. B. WILLIs 
C.SI.R.O., Chemical Research Laboratories 


Melbourne, Australia 
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BOOK REVIEWS 


Four Russian atlases of spectral lines 


fue volumes described below were prepared to meet the practical needs of Russian spectro- 


hemists for atlases which (1 vere easily available throughout Russia, (2) covered the entire 
spectral range from 2000 to 10,000 A, (3) had the prismatic dispersion and general appearance 
f the s} tra obtained with typical Russian spectrographs. and (4) could be used to identify 


well-known tables of 


original measurements 


S. K. A. A. Yavnew’, A. J. ALEKsEEVA and L. E. Naimark: Atlas Spectral’nikh 


Linii (Atlas of Spectral Lines for Quartz Spectrograph). (:1TTL (State Publishing House for 


Technical-Thee« 1us2 LO re 


ibles 


retical Literature), Moscow-—Le ningrad, 


The atlas consists of a photograph of the are spectrum of iron between 2050 and 6900 A, 


ided into twenty-three loose sections of approximately 8 in. each. The position and intensity 


if several prominent lines of each of sixty elements are marked on the photographs. The charts 


are scaled so that an iron spectrum taken on the appropriate instrument, if projected on to the 


chart. will exactly come with th ron spect gram on the latter Thus, if the line of a given 


element is present in the projected spectrum, it should appear at the position marked on the 
proj 


chart The general arrangement is the same as that used in W. Brope's textbook Chemical 
S pectrosco py The ISP-22 spectrogi ph ised to photograph the se spectra has a recip! wal linear 
dispersion of 3-72 A/mm at 2050 A, 14-4 A/mm at 3000 A and 150 A/mm at 6800 A 


The accompanying tables are arranged by element, and list a fair number of lines for most 


of them (from two lines for Yb to 103 for Cu \ valuable feature of these tables is the *‘link 


characteristics column, in which comments are made (with literature references) on the 


sensitivities, interferences and areas of application of individual lines 


S. K. L. E. Naimarg, V. L. Marzuvanov and K. I. Izmacuiova: Atlas Spektral’nikh 
Linii dlya Steklyannogo Spektrografa (Atlas of Spectral Lines for Glass Spectrograph). 


CrosgeolteKnhizdat State Scientific-Technical Publish ing House for Literature on Geology 


and Conservation of Natural Resources), Moscow, 1956. 7 roubles 30 kop ks 


eral plan as the previous one, but has several additional 


features which are of interest in the analvsis of rocks and minerals The twenty-six plates cover 


the 3718—9010 \ Wave length range; tt Clispersiol! f the ISP 51 viass spectrograph used to 


photograph the iron spectrum is 4-3 A/mm at 3700 A, 27-2 A/mm at 5600 A and 107-4 A/mm 


at 9000 A. The plates indicate the positions of seventy-four elements (including N, O, C, P, S and 
the halogens) and the more common bandheads (CN, CaF, YO, CaO, AlO, ete.) The accom- 
panying tables ar rranged | lement. They have the same features listed for the previous 
itlas, plus listings for individual bandheads and excitation potentials for individual lines. An 


indication is also given of the approximate limit of detection of almost every line in a synthetic 


granite-like matrix 


K. Kanoyey, A. A. Yavyew’ and L. E. Atlas Dugovo i Iskrovogo Spektrov Zheleza 
Atlas of the Arc and Spark Spectra of Iron). Metallurgizdat (State Scientific-Technical 


Publishing House for Literature on Ferrous and Non-Ferrous Metallurgy), Moscow, 1953. 


11 roubles, 20 kopeks 
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This atlas consists of a photograph of the are spectrum of iron (2083-6562 A) on twenty-two 


loose sheets, and a similar photograph of the spark spectrum on twenty-two separate sheets 


The photographs were taken with the ISP 22 quartz spe¢ 


trograph (see dispersion characteristics 


above). The wavelength of almost every iron line is marked on the photographs. Each 


photograph shows the iron spectrum at two intensity levels 


Wave le neths were taken from H ARRISON 8 MIT tabl 5. although independ nt measurements 


were made for some 180 lines 


The accompanying tables list 4738 iron lines by increasing wavelength, with international 


secondary standards identified. Arc and spark intensities and line appearances are also indicated. 


S. K. Katrnin and V. lL. Marzuvanov: Atlas Dugovo i Iskrovogo Spektrov Zheleza ot 3718 
do 9739 \ (Atlas of the Arc and Spark Spectra of Iron from 3718 to 9739 A). Metallurgizdat 
(State Scientific-Technical Publishing House for Literature on Ferrous and N 

Metallurgy ). Moscow, 1958 12 roubles 25 ke pe ks 


m-Ferrous 


The present atlas supplements the previous one by providing high-dispersion spectra in the 


visible and extending the spectral coverage into the near infra-red. Spectra were photographed 


with the three-prism glass ISP-51 spectrograph (see dispersion figures above rhe twenty-one 


are and seventeen spark sectional photographs follow the plan of the pr ceding atlas. The 


tables do likewise, except that excitation potentials are also listed The tables contain 2744 


iron lines 


The first two atlases will be especially valuable to spectrochemists who use prism spectro- 
graphs, but do not have a projection comparator. The latter two are the most complete and 
conveniently arranged iron atlases available today and will be useful to all spectrographers. 
It is hoped that similar grating photographs will be published soon 


Unfortunately, the paper and binding are not of a quality which promises to bear up well 
under daily laboratory use 


Cyrus FELDMAN 


G. Roperts, B. 8S. GALLAGHER and R. N. Jones: Infrared Absorption Spectra of Steroids—An 
Atlas, Vol. Il. Interscience, New York, 1958. viii 17S pp.. $20. 


THE present work by the research scientists of the Sloan-Kettering Institute for Cancer Research 
and the National Research Council of Canada is an extension of their 1953 compilation of 
infrared-absorption data on steroids. Like the earlier volume, this book should prove of immense 


value not only to the specialist in steroid chemistry or in the wider field of the chemistry of 


organic natural products but even to the research worker in organ chemistry in yener il because 
of the painstaking, meticulous and quantitative manner of the authors handling of organo- 
chemical functional group analysis by infrared spectroscopy. 

Ten pages of discussion introduce the reader to the scope and limitation of the interpretation 
of infrared spectra of organic compounds, while three pages include comments, albeit too few, 
regarding further developments in the analytical method to be ¢ xpected in the future. The 
atlas itself consists of a clear reproduction of the infrared spectra of 360 steroidal compounds 


between 600 and 1800 em~'!, of 72 compounds between 1225 and 1600 em™ and of 20 substances 


between 625 and 1000 cm~!. It is accompanied by a table of characteristic group frequencies 
with reterences, a fume tional group inde x of the charts (ot both the prese rit and first vi lumes . 


and a description of the method used in obtaining the cited spectra. While the individual 


spectra are excell ntly reproduced and thus available to steroid chemists for direct comparison 
with spectra of their steroid samples, it is probably unfortunate that the charts are plotted in 
terms of percentage absorption, in contrast to the percentage transmission obtained from the 
most commonly used commercial self recording infrared spectrophotometers, and that the fre- 
quency scale is not accompanied by a wavelength scale as cross-reference. 


ERNEST WENKERT 
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Qual Mix Atlas Spectrum Charts. Spex Industries, Inec., Scotch Plains, N.J., 1958. 18 pp 


si Il in.) $24.75 


Tuts atlas is intended for use with the companion product “Qual Mix Powder”. It consists of 
twenty spectrogram enlargements obtained from a large grating spectrograph, two tables listing 
persistent lines of the forty-three elements contained in “Qual Mix Powder’ arranged 
cording to their wavelength and element, a third table giving the composition of “Qual Mix 
Powder and appropriate instructions for performing qualitative analyses using these items. 
The charts, which are very good positive prints from spectral plates, cover the region from 
2000 to 4610 A. They consist of four adjacent spectrograms. The outer two are d.c. are spectra 
of “Qual Mix Powder’, while the inner two are iron-are and spark spectra. Along one side of 
these spectra is a wavelength scale divided into single Angstrom units. The element and wave- 
length designations of the persistent lines are on the other side 

This atlas can be a very useful aid in the location and identification of lines of the forty-three 
elements involved, and any laboratory possessing a copy will probably give it the extensive 
usage for which it has been designed. The most serious criticism to be made is in reality due 
to a deficiency in the “Qual Mix Powder” which does not contain many of the elements which 
are likely to be encountered in qualitative analyses. Among those absent are Au, Ga, Hf, In, 
Re, the platinum metals and all of the rare earths except cerium. 

Since Qual Mix Powder has an alkali base of Kf ‘O, and K,PO,, many lines with higher 
excitation potentials which are listed in the tables of persistent lines are not identified on the 
charts. Moreover, lines listed in one table do not necessarily appear in the other table. It 
would seem that an additional table, listing the lines which are identified on the charts, could 
be of value and should have been included 


Epwarp L. DeKaLs 


Herxsert M. Hersuenson: Infrared Absorption Spectra: Index for 1945-1957. Academic 
Press, New York and London, 1959. XVI lll pp. (2 27-5.em) $7.00. 


Tuts useful book is a companion volume to the same author's Ultraviolet and Visible Absorp- 
tion Spectra: Index for 1930-1954 which was reviewed by Dr. R. A. FrrepEt in Spectrochim. 
icta 10, 131 (1957). The purpose and arrangement of the two volumes are completely analogous, 
and much of what was said about the earlier one is also valid for this. 


The function of this book is to enable the user to locate quickly infrared spectra of specific 


compounds in the periodical literature It indexes the spectra which have appeared from 
1945 to 1957 inclusive in thirty-three European and American journals and in one book, Infrared 
ibsorption Spectra of Steroids by Dosriner, KATZENELLENBOGEN and JonEs. The index 
therefore does not pretend to be complete. The large collections of infrared spectra, such as the 
American Petroleum Institute compilation, the Sadtler library and the D.M.S system, are not 
included. This is good, for one automatically thinks of these sources anyway. The selection 
of journals is a reasonable one, although it may be noted that Transactions of the Faraday 
Society and Proceedings of the Royal Society (London) are not included. 

The book consists of an alphabetic listing of substances, for each of which there are references 
giving the journal, volume and page where its infrared spectrum can be found. (There are 
about 16,000 references in all Consequently this book may not lead one to papers which 
liscuss a given spectrum, but it will lead to pictures of a given spectrum. Some of the references, 
however, may show only a single band. The near infrared region is included. 

\ scheme for indexing a large number of compounds always presents problems. The arrange- 
ment used here is roughly the same as that in Chemical Abstracts, but there are enough differences 
to keep the user on his toes. It is often necessary to try several possible entries before finding 
a desired compound. This has not proved difficult in practice. 

The book will be a great help to most infrared spectroscopists, and the reviewer recommends 
it without reservation. It will be well worth the cost to anyone who has even an occasional 
need to locate a spectrum. 

Form A. MILLER 
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Book reviews 


Transactions of the Florida Seminars on Spectroscopy, 1955-1957. Florida Engineering and 
Industrial Experiment Station, University of Florida, Gainseville, 1958. 92 pp., $4.00 
(paper bound). 


Tuts bulletin is a compilation of the lectures presented at the third, fourth and fifth Florida 
Seminars on Spectroscopy with two notable omissions: 


Dr. MeGGERs’ discussion of ‘‘Wave- 
length Measurements” and Dr. Fasset’s lecture on “Emission Spectrometric Determination of 
Oxygen in Metals”. Some of the papers are almost direct transcriptions from recordings made 
at the time the lectures were given, and Dr. Meccrers’ humorous Foreword aptly describes 
the difficulties encountered in preparing transcriptions for publications. 


In general, this bulletin provides only a cursory look at a diversity of subjects. The value 
of the individual papers will of course vary depending on the interests and background of the 
reader, but the practising spectrographer will find only a few sections which are of more than 
passing interest. In view of this, and considering the relatively high cost, this bulletin cannot 
be generally recommended. 


AICHARD N. KNISELEY 


ERRATA 


Tue following corrections were received from the authors too late for publication 
in Vol. 16, Nos. 1/2: 


O. Porovycn and L. B. Rogers: Fluorescence of certain metal 8-quinolinolates 
as a function of solvent and substituents. 

p. 50. Table 1. Excitation wavelength (solution 2-methyl-oxinate): For 256 
read 390). 


p. 54. Table 3. Mg?*, A and #: For 505 read 500: for 19,800 read 20.000. 

p. 55. Third line from bottom: For ‘“‘chloroform”’ read “‘water’’. 

p. 56. Table 5. Oxinate (CHCI,), 2 and #: For 500 read 505; for 20,000 read 
19,800. 2-Methyl-oxinate (CHCI,), 4 and ¢: For 505 read 500; for 19,800 read 
20,000. 


A. D. E. Putien: Solution frequency shift and solvent refractive index. 
p. 14: Equation (1) should read 


Av’ = A'f(n?,V) + A%f(e, V) 
and equation (2) should read 
Av’ = A'f(n®, V) + Atf(n?, V) + rA%f(e, V) — V)} 


p. 20: Equation (11) should read 


_ (BC, — BC) V) — f(n?, V) 


é 
/{B,2+ 
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The Raman spectrum and the structure of N,O,* 


1. C. Hisatsune and J. P. Devin 


Department of Chemistry, Kansas State University, Manhattan, Kansas 


Received 16 November 1959) 


Abstract The Raman spectrum of dinitrogen trioxide in methylene chloride solution has been 
obtained at reduced temperatures. Six lines in this spectrum have been assigned to the trioxide. 


These Raman lines together with the infrared spectrum obtained previously make possible the 
assignment of all fundamentals of the dinitrogen trioxide molecule except the torsional mode 
From the spectral data and from the available thermodynamic data, certain conclusions con- 


cerning the torsional frequency and the molecular structure are deduced, 


Introduction 

IN AN earlier report [1], the infrared spectrum of N,O, had been assigned on the 
basis of characteristic group frequencies in nitrogen oxides. All but two of the 
nine fundamentals had been identified in the observed infrared spectrum. The 
two missing fundamentals, both of which had been expected to be in the very-low 
frequency region of the spectrum, were the NN bond stretching and the torsional 
modes. The former had been estimated from observed combination and overtone 
bands to be around 260 cm~'. This value appeared to be reasonable in view of the 
corresponding frequency in the spectrum of N,O,, but it was not by any means 
precise because of the richness of the observed infrared spectrum of N,O, due to 
its low molecular symmetry and to the presence of a strongly absorbing species, 
N,O,, in our N,O, samples. Furthermore, the presence of an unknown torsional 
frequency in a molecule with essentially no symmetry makes estimation of a 
fundamental frequency from combination or overtone bands hazardous. 

The low symmetry of the N,O, molecule, however, becomes an advantage when 
one investigates its Raman spectrum. One should be able to obtain a duplicate 
set of frequencies which will provide an independent check of the infrared assign 
ment. Moreover, the frequency of such fundamentals as the torsional mode, which 
is hopelessly beyond the range of our infrared prism spectrometers, may be 
determined. The experimental difficulty involved in obtaining the Raman spec 
trum of N,O,, however, is formidable since liquid N,O, is intensely colored (blue) 
and contains NO, NO, and N,O,. The absorption spectrum of N,O, in the visible 
region, which was reported |2] while our work was in progress, was not encouraging. 
Fortunately, when Mason's work appeared, we had already found a suitable 
solvent and optimum experimental conditions so that it did not discourage us 
from continuing our work. By using reduced temperatures, a large excess of nitric 

* This research was sponsored in part by the Research Grant 8-63 from the Division of Sanitary 


Engineering Service, Public Health Service, and in part by the Geophysics Research Directorate, Au 
Force Cambridge Research Center, under Contract AF19(604)-2255 


1) 1. C. Hisatsune and K H. Rue Procee lings of the International Meeting on Molecular Spectroscopy, 
Bologna, Italy, September, 1959. Pergamon Press, London. To be published 
2?) J. Mason, J. Chem. Soc. 1288 (195%). 
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I. C. and J. P. Devin 
oxide, and methylene chloride as solvent, we have been able to observe six Raman 
lines which can be assigned to fundamental modes in this molecule. However, we 


were not able to observe the Raman line corres yonding to the torsional frequency. 
7 


Experimental 

The Raman spectrograph and the low-temperature apparatus used in this work 
were the same as those described in our earlier work on N,O, [3]. The 4358 A 
mercury line was again used for excitation, Photographic plates and filter systems 
were also similar to those used previously. 

Nitric oxide and oxygen were both purified by repeated distillations | 1}. 
Methylene chloride (Eastman Organic Chemical) was degassed just before use and 
distilled directly into the Raman sample tube system. The sample tube system 
consisted of a 1 |. Pyrex glass bulb « quipped with a freezing tip and a 10 mm o.d, 
Raman tube sealed directly to the bulb. After the tube and the bulb system had 
heen evacuated. nitric oxide was expanded into it. A known amount of oxygen 
was then added while the nitric oxide was trapped in the freezing tip. The gases 
were allowed to react and then to condense again Methylene chloride which had 
heen degassed in another section of the vacuum line was allowed to distill into the 
bulb. The sample system was finally sealed off permanently. The mole ratio of 
nitric oxide to nitrogen dioxide varied from one to about five. and the concentration 
of N,O, was estimated to be approximately | M. 

Diethyl ether, toluene, carbon disulfide and methanol were also tried as solvents, 
but they were found to be unsatisfactory. Both ether and toluene were found to 
react with Nf ) , on prolonged standing Methanol was observed to form solutions 
with N,O, only at low temperatures. On warming a solidified mixture of methanol 
and N,O,, a blue liquid first results but this color rapidly disappears on further 
warming. Carbon disulfide apparently does not react with N,O,, but upon cooling 
this solution droplets of liquid NO, separated from the solution. Several attempts 
were also made to obtain the spectrum of pure liquid N,O,. In these samples the 
vapor over the liquid at about — 50°C was colorless. However, even with exposures 


of 17 hr no Raman lines were observed. 


Results and discussion 

\ photodensitometer trace of a typical spectrum of N,O, in methylene chloride 
solution at about 80°C is shown in Fig. |. Those Raman lines whose frequencies 
are labeled correspond to fundamental frequencies of N,O,. These values are 
averages of readings from six to twelve spectra. Other unlabeled lines are due to 
the solvent. and their frequencies were found to be similar to those listed by 
Herzpere [4]. The precision in the values is estimated to be similar to that 
obtained in our N,O, work [3}. 

It is interesting to note from Fig. | that the use of a large excess of nitric oxide 
suppresses the formation of N,O, even at a relatively high temperature of —30°C. 


31 1. C. Hisatsune and R. \ FirzsiMMONS, Spectrochim, Acta 15, 206 (1959 
41 G. Herzeers. Infrared and Raman Spectra of Polyatom Molecules p. 317. Van Nostrand, New York 
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The Raman spectrum and the structure of N,O, 


Infrared studies |1] of equimolar mixtures of NO and N¢ ), at these temperatures 
indicate that more N,O, than N,O, is formed. N,O, also has a strong Raman line 
near 260°', but the absence of another strong N.O, line at 809 em~! shows that 
the observed line at 253 cm~! must be due to N,O 3. Furthermore, if N,O, had 
been present in appreciable concentrations, then other Raman lines at 1325. 1380 
and 1712 em~! should have registered on the plate during these long exposures [3]. 
Further evidence, which shows that essentially pure NO, is formed when an 


Fig. 1. The Raman spectrum of N,O, in CH,Cl, solution at about — 30°C. (Plate 7—-17—59-e 
4358 A Hg excitation, # hr exposure slit of 0-200 mim.) Labeled lines (em! 
ot N05, and the unlabeled ones are due to the solvent 


) are fundamentals 


excess of NO is used, is the infrared spectra of solids of such mixtures. These 
spectra show that only a small amount of N,O, is formed in such solidified mixtures. 

The Raman frequencies obtained in this work are listed in Table 1. The gas 
phase infrared spectrum is due to D'Or and Tare [5]. Since in the gas phase one 
has a mixture of NO, NO,, N,O, and N,O,, with only a small amount of the last 
species, some of the observed frequencies reported by D’Or and Tarte may be 
questionable. For example, these investigators did not observe a moderately 
intense N,O, band [6] at 430 em~', but they did report a N,O, band at exactly 
the same frequency. In the solution spectra, again the observed data are not as 
extensive as those of the solid. However, the consistency in the values from the 
infrared and the Raman work in this phase is satisfying. 

The frequencies of the solid N,O, spectrum given here are somewhat different 
from those reported earlier {1}. The present results are considered to be more 
reliable since we have been able to control the temperature and the concentration 


of N,O, more closely. Both the 1863 cm~! and the 1589 em~—! bands were observed 


L. D'Or and P. Tarte, Bull. soc. roy. ac Liege 22, 276 (1953) 
6) R. G. Snyper and I. C. Hisatrsune, J. Mol Spectrosc, 1, 139 (1957 
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to shift depending on the amount of N,O, in our samples. When the concentration 


of the tetroxide was high in our N,O, sample, these bands were observed at 
1 


1847 cm~! and 1606 em", respectively. The lowest frequency band at 313 em 


was observed only once in the earlier work, but in subsequent investigations where 


higher concentrations of N,0, were used this band was observed many times. 
All but one of the nine fundamentals of N,O, have now been observed. The 
torsional frequency which has yet to be o served directly will presumably be very 


Table 1. Observed fundamental frequencies of N,Og (em 1) 
(sas Solution Solid 
infrared * Infrared* Raman infrared 

CH 3000) (—150°C) 


Isso 1844 1863 
~ 1615 1611 1600 1580 
1500 1201 1291 1207 
770 76s 772 783 
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* D'Or and Tarte 
HisatTsuNeE and Ruee |! 


low in view of the weak NN bond and of the corresponding frequency of about 
50 em~! in NAO, [7 Furthermore, it does not appear likely that one will be able 


to deduce this frequency from combination bands in the infrared spectrum because 


of extensive overlapping of strong bands in the liquid and solid spectra. However, 


one may estimate this torsional frequency from entropy calculations as was done 
in the case of NO, where this mode was inactive in both the infrared and the 
Raman spectra 

Reep and Lirscomes reported that the unit cell of cry stal at 115 


was tetragonal with thirty two molecules, but they were not able to solve the 


structure. The available spectroscopic e\ idence |2, 5] appears consistent with the 
nitronitroso structure O,NNO. In view of this severe limitation of not knowing 


the molecular geometry, one must resort to consideration of plausible ranges of 


bond distances and angles in the molecule. 


For the distance between the nitrogen atoms, we chose as the lower limit the 
distance of 1-75 A found in N,O, [9]. The upper limit was taken as 2-40 A which 
is the distance of the long edge in the rectangular dimer of nitric oxide {10}. The 
short distance of 1-12 A in this dimer was used for the nitroso NO bond distance. 


71 1. C. Hisatsune. Proceedings of the International Meeting on Molecular Spectroscopy, Boloqna, Italy, 
September, 195% Pergamon Press, London. To be published 

s B Reep and W N. Lipscomes, icta 6. TSL (1953 

4) D. W. Surru and K. Heppere, J. Chem. Phys. 25, 1282 (1956 

10) W. J. Dutmace, E. A. Meyers and W. N Lipscoms, Acta Cryst. 6, 760 (1953) 
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The geometry of the nitro group was assumed to be identical to that found in 
N,0,, i.e. NO distance of 1-18 A and the valence angle of 134° [9]. For the angle 
formed between the NN bond and the NO bond of the nitroso group, we took 
the limits as 90° and 120°. This appears to be a reasonable range in view of similar 


valence angles in the nitric oxide dimer, in methylene-bisnitrosohydroxylamine 
anion [11], and in dinitrososulfite ion [12]. In the latter two compounds a N,O, 


type skeletal frame is present as shown in (I) and (II) below. 


0 0 0 0 
N-*—N N-+—N 


~ 


(1) (LI) 


The value of 4 reported in (1) and (II) are, respectively, 110-2° and 119°. Further- 
more, the atoms shown in both (1) and (II) are reported to be nearly coplanar or 
coplanar. Thus, it is reasonable to take the atoms in N,O, as being coplanar also. 
However, we varied the angle between the plane formed by the nitroso bond and 
the NN bond and the plane of the nitro group. This angle, designated as 4, was 
varied from 0°, i.e. coplanar structure, to 90°, 

The translational entropy is independent of the geometry, and it has a caleu- 
lated value of 38-90 e.u. at 25°C [13]. The vibrational entropy is also independent 


of the choice of structure. If we use the most reliable observed frequencies, i.e. 


the infrared spectrum of the solid and the Raman line at 253 em 


free internal rotation about the NN bond, then the standard state vibrational 
entropy is 4-66 e.u. Only the rotational entropy depends on the geometry, and it 
was calculated [13] assuming free internal rotation and distances and angles over 


also assume 


the ranges cited above. The total S° so calculated is shown in Table 2. The 
intermediate NN bond distance of 2-08 A is just the average of the two extreme 


values. 

The non-planarity of the molecule has only a small effect on the total entropy. 
When the angle ¢ is varied from 0° to 45° and then to 90°, the calculated entropy 
for the case r(NN) 2-08 A and 4 100° changes, respectively, from 73-96 to 
74:03 and 74-07. Thus, the entire range of possible structures of the molecule can 


he covered reasonably by choosing the total standard state entropy to be 74-0 


05 eu. This value may now be compared with those resulting from available 


thermodynamic data. 
For the reaction N,O, — NO NO,, Beattie and Bett {14] reported a 
standard entropy change of 33-25 + 0-35 e.u. On the other hand, data from 


VeRHOEK and Dantrecs [15] allow one to calculate a value of 36-04 e.u. for the 


same reaction. Using the literature values for the entropies of nitrogen dioxide 
[16] and nitric oxide [17], one obtains for the entropy of N,O, at 25°C a value of 


11) J. H. Brypen, Acta Cryst. 12, 581 (1959) 

}12|) kK. G. Cox, G. A. Jerrrey and J. P. Stapier, J. Chem. Soc. 1783 (1949) 
13) K. S. Prezer, Quantum Chemistry. Prentice-Hall, New York (1953). 

}14|) 1. R. Bearrie and 8. W. Bett, J. Chem. Soc. 1681 (1957) 

15| F. H. Vernork and F. Dantecs, J. Am. Chem. Soc. 58, 1250 (1931). 

|16| A. P. Avrsuucer, J. Phys. Chem. 61, 251 (1957) 

17) K. K. Keviey, U.S. Bur. Mines, Bull. No. 477, p. 68 (1950). 


405 


| 
i 


I. C. Hesarsune and J. P. DeEvLIN 


74-4 0-4 eu. from Bearrre and Bet and a value of 71-6 e.u. from VERHOEK 
and Dawxrets. Both of these values appear reasonable when compared to the 
entropy of N,O, which is 72-73 e.u. | 15). 

The calculated heights of the potential barrier against internal rotation from 
these entropies differ markedly. One result (BEATTIE and BELL) leads to essentially 
no barrier while that of VerHoEK and DaNtre-s gives a barrier of 6-6 keal mole | 15}. 
Since the barrier in N,O,, which is more stable than N,O,, is estimated to be about 


lable 2. Dependence of the ecaleulated S° with free internal rotation on 


the r(NN) and the nitroso ONN angle in planar N,Os (e.u.) 


NN 


2-40 


».9 keal/mole. one must consider the lower entropy value as not being too reason 
able. Furthermore. if one assumes that the molecule is rigid and planar w ith r( NN) 

2-08 A and 4 100° and that the torsional mode is harmonic, then one obtains 
torsional frequencies of 35 em~! and 146 em~', respectively, from the high and low 
entropy values. Again the lower entropy value leads to a very high torsional 


frequency compared to the estimated value of 50 em-' in N,O,. It therefore 
appears that the result of Bearrie and BELL is more consistent with our present 
spectroscopic data Moreover, one may now expect with reasonable certainty 
that both the torsional frequency and the potential barrier against internal rotation 


will be lower than those calculated in N,O,4. 


r( (A) 
ONN angk 1-75 2-08 | 
73°03 
73°49 73-06 74°56 
110 73-87 
120 73-78 
| 16 
1960 
: 
18! W. F.G oul nd J. D. Kempe. J. Chem. Phys 6. (103s 
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Infrared absorption of trimethylphosphine* 


M. HaLMannt 
Chemistry Department, Brookhaven National Laboratory, Upton, New York 


(Received October 1959 
Abstract ©The infrared absorption of gaseous trimethylphosphine has been obtained over the 


650 to 5000 em”! region, and has been used for vibrational assignment of most of the observed 


bands. 


Tne Raman and infrared spectra of trimethylphosphine have been described | 1}. 
The vibrational spectra of phosphine {2}, methylphosphine |3]. dimethylphosphine 
(4], and trimethylphosphine oxide [5], have been observed, measured either in the 
infrared or Raman region, or in both. On the basis of these measurements, assign 
ments of various absorption bands to the fundamental vibrations could be made 
(3—5, 6], and these frequencies have been used for estimation of the force constants 
of these bonds |6, 7}. 

In the present work the infrared absorption of trimethylphosphine has been 
observed. The results will be useful for its identification and analysis. Comparison 
with its Raman spectrum |1| and the spectra of related compounds enables a more 
reliable assignment of most of the fundamental vibrations. This assignment is 
helped by analogy with that made for the methylamines |6, 8]. Both trimethyl- 
amine and -phosphine have been shown by electron diffraction to retain the NH, 
pyramid structure with N or P at the apex, and thus to be closely related to the 
('., symmetry point group [9-L1]. Trimethylphosphine would have complete Cs, 
symmetry if the methyl groups were in their most symmetrical orientation, or if 


they were rotating fast enough to have effectively cylindrical symmetry. It would 


then have a threefold axis and three planes of symmetry through it at mutual 
angles of 120 
Experimental 
Trimethylphosphine was prepared from methyl magnesium iodide [12] (from 
24.¢ magnesium and 6! ml methyl! iodide) and phosphorus trichloride in an atmos 
phere of nitrogen. It was distilled after the reaction into an ice-water cooled 


* Research performed under the auspices of the U.S. Atomic Energy Commission 
+ On leave from the Weizmann Institute of Science, Rehovot, Israel 


J. Rosensaum, D. J. Rupen and C. R. Sanpperc, J. Chem. Phys. 8, 366 (1940); F. J. Wacstarr: 
and H. W. THompson, T'rans. Faraday Soe 40, 41 (1044) 
\ 1. McConacuie and H. H. Nirewsen, J. Chem. Phys. 21, 1836 (1953 
H. R. Linron and E. R. Nixon, Spectrochim. Acta 15, 146 (1959 
Beacwecy and B. Katiarsky, J. Chem. Phys. 27, 182 (1957 
L. W. Daascu and D. C. Surru, J. Chem. Phys. 19, 22 (1951 
H. Sreperr, Z. anorg u. allgem. Chem 273, 162 (1953 
Suimuzu, Nippon Kagaku Zasshi 77, 1103 (1956); ¢ 1. 51, 83% 
R. Barce.é and J. BELLANATO, Spectrochim. Acta 8, 27 (1956 
" D. SPRINGELL and L. O. Brockway, J. Am. Chem. Soc. 60, 996 (1938 
10 W. F. Koutrauscu, Ramanspektren pp. 185-186. Akad Verlagsges., Leipzig (1943 
}11)|G. Herzeere, Infrared and Raman Spectra of Polyatomic Molecules pp 7. 108-111 and 204 
Van Nostrand, New York (1945) 
12) F. G. Mann and A. F. Wetts, Chem. Soc. 708 (1938) 
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solution of silver iodide (48 g) in potassium iodide (100 g in 50 ml! of water), while 
passing nitrogen over it. After standing overnight under nitrogen, the Me,P—Agl 
complex was filtered off by suction, and was placed in a tube with a ground-glass 
joint, which was connected to one limb of a three-way stopeock of a vacuum 
system. The material was dried for several hours at 5 4 pressure. The stopcock 
was then turned to connect the material to another evacuated tube, cooled by 
liquid nitrogen The material was heated in a boiling-water bath for a few minutes. 
The receiver tube was then placed in a Dewat filled with ice-water, and the stop 
eock was turned to connect the condensate directly to a mercury manometer, The 
pressure was 15-7 em He. Pressures of 15-0 and 16-1 em have been reported | 13] 
for trimethy Iphosphine at 

The purity of samples freshly collected from the silver iodide complex was 
indicated by vapor-phase chromatography, using a 2-5 m long column packed with 
silicone oil (25 per cent) on firebrick (30-70 mesh). and helium as carrier gas. At 
a gas-flow rate of 18 ml/min and a column temperature of 85, a single sharp peak 
appeared after 6 min The introduction of the sample into the apparatus (Burrell, 
Model Kromo-Tog) was carried out by connecting the trimethylphosphine through 
the stopcock of the vacuum line to an evacuated U-tube with a stopcock on each 
side, and ball joints fitting the vapor-sample inlet of the chromatography apparatus. 
The U-tube was then connected to the mercury manometer and its pressure was 
noted. The contents of the U-tube could thus be introduced into the column 
without getting contaminated by air 

The infrared absorption was measured with a Perkin-Elmer double-beam 
spectrophotometet Model 221), using a 10 em path length vapor cell with sodium 
chloride windows and fitted with a Teflon stopcock. The cell was attached through 
the three-way stopcock to the vacuum system and was evacuated to 0-03 mm, it 
was then connected to the tube containing trimethylphosphine, kept in a Dewar 
with ice-water. The pressure was thus 15-7 em He. Another spectrum was obtained 


at 0-9 cm pressure Recordings were made at a scan time of 2} hr. 


Results 


The absorption spectrum of trimethylphosphine in the 5000 to 650 em ' range 
is given in Fig. | and in Table |. The absence of any appreciable absorption in the 
2300 and L000 em! regions indicates the absence of P—-H bonds. and is thus 
additional proof of the purity of the sample from contamination with appreciable 
amounts of mono- and dimethylphosphine [3, 4] Also. the absence of a band at 
2349 cm~! proves that atmospheric CO, did not interfere | 11). 


Discussion 

The C,, symmetry requires [6, 8, 10] twenty-two fundamental vibrations for 
trimethylphosphine, of which eleven are doubly degenerate (£) Of the remaining 
eleven vibrations, four are of the A, species, forbidden in the infrared and Raman 
spectrum; seven are \ ibrations of the A, species Two vibrations of the A, species 
are the P—C skeletal modes, stretching and bending, while five are methyl-group 


13) NX. Davipson and H. C. Brows, J. Am. Chem. Soc. 64, 316 (1942); \. B. Bure and R. 1. WaGner, 
75, 3873 (1953 
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Table 1. Infrared absorption bands (em™') of 


thy Iphosphine Vapor 


$360 w 1620 vy, 960 vs 
$250 w 1560 w Vig 047 vs 
1100 vw 1440 vs vs 
3000 vw Vis "16 1430 vs S52 w 
3820 vw Vs 1417 vs S38 w 
3220 vw 1360 w 
w 1348 m 715 va 
2070 vs 323 s V 707 vs 


Vy 2920 vs vy 1310 vs 672 vw 
Vo ves Mis 1208 ve 667 vw 
2720 1282 vs vr, $52 vw 
2570 vw 1145 8 
2260 w 1132 m 
2120 111s w 
2020 w Vig 1067 s 
L033 m 


modes. The vibrations belonging to the FE species comprise two of the skeletal 


modes and nine of the methyl group modes In the skeletal vibrations, the methy! 


groups are considered as point masses, while in the other fundamental vibrations, 


the motion is assumed to be confined to the methyl! groups |[5, 10 


Shetle tal ribrations 


The assignments made on the basis of the Raman spectrum 1. 6. 10) were found 
to fit very well to those skeletal vibrations which were observed in the sodium 


chloride infrared region (see Table 2 the numbering of vibrations is that used by 


previous authors |6, 8 The symmetrical P—C stretching frequency rv, was found 


as a broad shallow band at 652 cm consisting in fact of several weak bands 


667 and 652 em~'. This corresponds to the strong Raman band [1] at 653 


The very strong absorption doublet at 707 and 715 em! is obviously 
equivalent to the moderately strong Raman band at 708 cm~', due to the asym 
metric P—C stretching frequency v,,. The skeletal vibrations in trimethyl phos 


phine are all at a lower frequency than the corresponding ones in trimethylamine 
as expected from the larger mass of phosphorus compared to nitrogen 


Me th yl vibration s 


The symmetric and asymmetric bending vibrations v, and v, seem well assigned 
with the very strong bands at 1310 and 1417 em 1 and the corresponding Raman 
bands at 1312 and 1421 em-!. Similarly quite reasonable assignments could be 
made for the methyl rocking vibrations ¥;, "4 and »,,. The three strong sharp 


hands at 2070. 2920 and 2850 belong to the C H stretching vibrations ¥,. ry. Vy, 


v,, and ¥,,. but it is difficult to decide w hich of them belong to the symmetric and 
asymmetric modes, and the choice made in Table 2 is rather tentative. 
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Infrared absorption of trime thylphosphine 


The splitting observed in several bands, as in the 707 and 715 cm™! band, or 
1282 and 1298 cm“, may possibly be due to P ()-. R-branches. as has been 


proposed for methyvlphosphine 3). It is probably not due to inversion of the phos 


phorus atom through the plane of the carbon atoms, since the extent of splitting 


Ay, is expected to be much smaller | 14]. 


Table 2. Tentative assignment of fundamental \ ibration frequencies (em in 


trimethvlphosphine and related compounds 


PH MePH, |3 Me,PO [5 [8S 


R 


CH stretch 2850 2820 2038 2023 2777 2770 
CH 1417 +1421 1440 1450 1420) «1415 1466 145s 

r, H sym. bend 310 1312 1415 1338 1346 1340 1402 1404 
1323 
ry. CH, rock or wag O60 N73 O48 “54 “77 1183 


2H5 


aman tra 


CH svi stretch 2020 2054 2017 2923 2822 2817 


CH asyn 1430 1421 1415 1450 
1298 


, CH, rock or wag “47 O45 S66 S66 1104 1104 


PC| 717 714 716 750 1043 
stretch 


bend 


For rapid qualitative indentification of methylphosphines the infrared absorp 
tion of the vapor should be useful. Thus, at a pressure of about 15 cm Hg, all the 


three methy lphosphines show strong absorption around 700 em~!, due to the P— 
asymmetric stretching vibration, but its intensity increases as one goes from 
methylphosphine |3| to dimethylphosphine |4] and to trimethylphosphine. On 


the other hand, the P—H stretching absorption near 2300 em lis very strong for 


14) R. E. Weston, Jr., J. Am. Chem Soc. 76, 2645 (1954). 


Me P 
q 4 4 Ramat 
IR Raman! Ik Ik Ik Ramat Ik 
Species A, 
NC} 
NC} 
| 
Species A Forbidden in infrared and 
Species E 
970 296! 932 
a CH asym. 2070 2060 2932 
3 
1437 
b 
1292 1402 1404 
202 
CH 202 
1305 
: sym, 305 318 
= 


M. HALMANN 


methylphosphine, strong for dimethylphosphine, and disappears in trimethylphos- 
phine. Trimethylphosphine oxide [5] has all the absorption bands of trimethyl- 
phosphine, and in addition shows the strong P—O stretching vibration at 1170 


icknowledgements—The writer is indebted to Dr. S. Sevrzer for advice on using the infrared 
spectrophotometer, and to Dr. 5. Prxcuas and Dr. R. E. Weston for reading the manuscript 
The writer's appointment was supported by the International Cooperation Administration 
under the Visiting Research Scientists Program administered by the National Academy of 
Sciences of the United States of America. 
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Abstract — After a dosage of only | 1° r, a weak absorption band is seen at 255 my in the near 
ultraviolet spectrum of crystalline triglycine sulfate (TGS). The intensity of this band increases 


with X-ray treatment until, after a total dosage of about 3 10° r, it is so strong that the ultra- 
; violet cutoff is effectively shifted from the original 255 my (5-5 eV) position to around 293 my 
(4-2 eV). 
4 The change must be of a chemical nature and not due to color centers, for it decays neither 
‘ with time at room temperature nor with the application of heat. 
The gaseous X-ray decomposition products of crystalline TGS are found to be SO,, CO, and 
H,, but these are not responsible for the 255 my absorption band. The relative amounts of the 
gaseous products indicate that X-rays cause decarboxylation of some of the glycine units and 
disintegration of a smaller proportion of the sulfate groups. 
: The effects of X-irradiation on crystalline glycine are quite different from those on ecrystal- 
line TGS, 
Introduction 
RECENTLY it was reported that, although exposure to X-rays produces certain 
® changes in the electrical properties of triglycine sulfate (TGS) [1], the infrared 
| absorption characteristics are only slightly affected [2]. This means that any 
ss X-ray decomposition products are present in concentrations of less than about | 
per cent. It was felt that these compounds might be easily detected and possibly 
a identified in the near ultraviolet absorption spectrum where absorption coefficients 
A are much larger. 
Experimental 


For the experiments on solutions, distilled water (not air-free) was used as the 


solvent. The solid samples were slices which had been ground and _ polished 


according to standard procedures | 2}. 

A Machlett type AEG-50A X-ray tube with either a platinum or tungsten 
target was used. At about 2! in. from the target, this delivers approximately 
10° r/min when the tube is run at 44-5 pkV and 20 mA [3]. Except for the 
preliminary tests, the tube was usually operated at 30 pkV and 30 mA and the 


samples were about 2? in. from the target, so the dosages were of the order of 


10° r/min. 
All spectra were run on a model 14 Cary Recording Spectrophotometer. 


Results and discussion 


It will be valuable to discuss first the effects of ionizing radiations on glycine, 


in solution as well as dry, before proceeding to the effects on TGS. 


+. Coynowetu, Phys. Rev. 118, 159 (1959). 
M. Dopp, Spectrochim. Acta 15, 1072 (1959) 
+. Forman, J. Opt. Soc. Am. 41, 377 (1951). 
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the radiation is absorbed by the solvent [4]. If the solute molecules receive energ 
by transfer from the solvent the effect is said to be indirect; otherwise, the action 
is termed direct |5 Hydroxy! radicals and hydrogen atoms are produced as a 
result of the irradiation of water, but, if air or oxygen is dissolved in it, H,O, is 
also formed |6|. The hydroxyl radicals are strong oxidizing agents and the hydrogen 
atoms good reducing agents | 4]. 

Amino acids in aqueous solution are deaminated by ionizing radiations and 
hoth oxidation and reduction take part in this process |7}. It has been found that 
when air-free water solutions of glycine are exposed to X rays, there is an oxidative 
deamination to glyoxylic acid, a reductive deamination to acetic acid, and reduc 
tive deamination followed yy decarboxylation to produce formaldehyde |S]. if 
oxygen is present, HO, is formed and this reacts slowly with the glyoxylic acid, 
after the irradiation has stopped, to give formic acid [9]. The direct action of 
X-irradiation on glycine solutions produces methylamine and CQ, {8}. 

The action of X-irradiation on dry glycine is only direct and is said to produce 
not only methylamine and CO,, but also ammonia, hydrogen, acetic acid and a 
dicarboxvlic acid |S, LO}. 

In Fig. | are plotted the effects on the near ultray iolet absorption character 
istics of exposing a 10-mil thick polished slice of glycine to X rays. An IS-min 
treatment (7 1° r) produces a slight absorption maximum at 255 mu (49eV), 
After a resting period of 6 days, this peak is about doubled in intensity and there 


is another at 320 mu. Subsequent X-ray exposures to a total of 84 min (3 10° r) 
further increase the 255 mu absorption, destroy the 320 my band, and produce an 
absorption at 400 mya During a second resting period of about 5 days the 255 mu 
peak continues to grow in intensity, the 320 mu peak reappears, and the 400 mu 
one disappears. However, except for some intensification of the 320 mya band and 
the disappearance of the 400 my peak, there is not much change in absorption 
characteristics in the 37 day resting period following the total X ray exposure ot 
165 min (7 10° r). During the rest periods, the absorption characteristics change 
indicating that chemical reactions initiated by the X-rays proceed in the intervals 
between treatment 

(Considering these chemical effects of X-rays on dry glycine, it seems probable 
that the 255 mu absorption peak may be due to a dicarboxylic acid. Oxaliec and 
maleic acids. for instance, have an absorption maximum at this point. Acetic acid 
maximum absorption ~220 my and below 200 mu) may account for the move 
ment of the ultraviolet cutoft from 224 mu (a5 e\ )} to slightly longer wavelengths 
with increasing X-ray dosage. The peaks seen at 320 my and at 400 mu must be 
due to some other and as yet unidentified products formed as a result of X-irradia 
tio 


: 153, 745 
J. Your j / ysics p. 211. Academic Press, New York (1957 
6) M. E. J. ¥ : } Phy p. 200. Academic Press, New York (1957 
Sti nd J. Weiss J. 3°56 (1049 
so~ and A. J. Che Revs. 56, 471 (1956). 
o Ww. Wi irch. B he R 7, 225 (1953 
? Report RL-2704 pp 27 and 31 (1954 
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Fig. 1. The effects of X irradiation on the near ultraviolet absorption characteristics o! 


solid glycine. 


The results of exposing a TGS—water solution (not air-free) to successive X-ray 
doses are shown in Fig. 2. It is seen that irradiation produces a cradual increase 


in absorption throughout the 225-400 my range with the greatest effects at the 


shorter wavelengths. The formation of HO, from the solvent could account for 


some or all of this. for HO, absorbs strongly in the near ultraviolet, the absorption 


starting near 400 my and increasing rapidly to 200 my below which there is 


probably a maximum {11}. 
Fig. 3 shows the effects of successive X-ray doses on a 10) mil thick cleavage 
slice of TGS. The same results are obtained with sections cut perpendicular to 


the cleavage plane, and the unirradiated portion is not affected. We see only the 


growth of a peak at 255 my w ith, as opposed to the case of solid glycine, no changes 


in the intervals between treatments. This band is noticeable after a dosage of only 
3 min (1 1er). After 84 min (3 10°) of X-irradiation, it has increased so in 


intensity that the ultraviolet cutoff appears at 293 my (4-2 eV) whereas in un 


treated TGS it is around 255 my (5-5 eV). 
The absorption at 255 my does not decay with time at room temperature and 
is not bleached by heating irradiated TGS to > 100°C for at least } hr and so 


11) M. K. Purpps and P. A. Gievere, Can. J. Chem 29, 490 (1951). 
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Fig. 2. The effects of X-irradiation on the near ultraviolet absorption characteristics of 
trighvcine sulfate-distilled water solution 


must be due to one or more decomposition products resulting from chemical 
changes caused by the X-irradiation It is not due to color centers. 

It was first thought that one of these products might be oxalic acid which has 
an absorption maximum at 255 myu|12]. In 0-2 g of TGS X-irradiated for 84 min, 
there should be, roughly, 0-06 g oxalic acid to account for the 255 mu absorption 


if it is due to this compound. Chemical tests supposed to detect 1-5 yg of oxalic 


acid were negative when performed on 0-2 g of X-irradiated TGS. Either oxalic 


acid is not responsible for the 255 mu maximum or for some other reason the tests 
were negative 


Mass-spectrographic analysis of about 0-3 g of powdered-dry TGS which had 
been X-irradiated in vacuo showed the presence of 3-7 cm® mm of gas of which 


6-1 per cent (vol.) was SO, 76-6 per cent (vol.) CO, and 17-3 per cent (vol.) a. 
This means that gaseous products account for a decomposition of about 0-005 per 
cent of the original weight. The proportion of the gases is approximately | mole 
SO, to 12 moles CO, to 3 moles H,. In four TGS molecules, there are 12 C—O 


groups and four sulfate groups. The indication is, therefore, that X irradiation of 


12) E. W. Wasueurn (Editor-in-chief), International Critical Tables (ist Ed.) vol. V, p. 375, Fig. 77. 
MeGraw-Hill. New York (1920 
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dry TGS causes decarboxylation of some of the glycine units and disintegration 
of a smaller proportion of the sulfate groups. None of the above gases i trapped 


in pockets of the single crystal sample would account for the 255 mu absorption 


maximum so there must be 


at least one nongaseous decomposition product not 


detectable by the mass spectrograph 


In the hope of determining the nongaseous decomposition products, X-ray 


diffraction studies were made of previously unirradiated powdered TGS and a 


sample of powdered TGS whi h had been previously X irradiated for 6-7 hr at 


50 pkV and 50 mA. No difference was found in the patterns. During this experi 


ment, both samples were X-irradiated for about 2 hr at 35 pkV and 23 mA. One 


ELECTRON VOLTS 


10078 5.2 48 44 40 38 3.6 3.4 3.2 

MINUTES 
62 84<-OF TOTAL 
K-IRRADIATION 


ABSORBANCE /CM 


220 240 260 260 300 320 340 360 
WAVELENGTH IN MILLIMICRONS 


would therefore expect some decomposition pt wlucts in the previously unirradi 
ated sample, but a greater proportion in the other specimen. The minimum 


detectable concentration depends on the ¢ ympound in question as well as on the 


other materials present, but is usually in the neighborhood of 0-5—5 per cent (vol.)[ 13 


and possibly 5 per cent in this case. Evidently the difference in nongaseous 


decomposition product concentration in the two samples was less than this mini 


mum, or the products are nonecry stalline 


13) W. G. Bert (Editor), Phys 1 Methods in Chemical Analysis Vol. 1, p. 59. Academic Press, New 
y ork (19050 
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Conclusions 
X-ray treatment causes a drastic change in the near ultraviolet absorption 
characteristics of crystalline TGS. A dosage of about 3 10° r shifts the cutoff 


from 255 mu (5-5 eV) to 293 mu (4:2 eV). The corresponding effects on crystalline 
glycine are different in two main respects: (a) Chemical changes initiated by the 
X-rays apparently proceed in the intervals between doses. Their speed is roughly 
inversely proportional to the previous amount of dose. (b) The ultraviolet cutoff 
is barely affected 

In the case of X-irradiated crystalline TGS. the gaseous decomposition products 
are SO,, CO, and H,, the proportions indicating decarboxylation of some of the 
glycine units and disintegration of a smaller proportion of the sulfate groups. The 
nongaseous X-ray decomposition products have not yet been identified. The 
X-ray decomposition products of ery stalline glycine have supposedly been identi 
fied by other workers, but two absorption bands in our spectra are not due to 
any of these compounds. 
icknowledgements—The writer wishes to thank H. V. Waptow for performing the oxalic acid 


test, E. E. Francors for the mass spectrographic analysis, Mrs. M. H. Reap for the X-ray 
diffraction analysis, and A. G. CHYNOWETH and D. L. Woop for many helpful suggestions. 
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Abstract 


The infrared spectra ofa variety of acetylenic compounds have been obtained. The 


behavior of various frequencies characteristic of the —C--C—H group (==C—H stretch, ~3315 
em~!; C=C stretch, ~2130 C—C stretch, ~930 em™'!, C—H bend, ~640 and 
C—C=C skeletal bend ~350 em™~') are discussed. The splitting of the degeneracy of the ==-C—H 


bend into two frequencies in certain cases is discussed and an explanation proposed. A corre- 


lation between the C—H deformation frequencies and certain chemical parameters is 


suggested. 


Introduction 
ONLY relatively little work [1-12] has appeared to date in the literature on infra- 
red and Raman absorption frequencies characteristic of molecules containing the 
terminal acetylenic group (—C=C—H). This is probably partly the result of the 
little attention that the region of the spectrum below 650 cm~! has received in 


systematic investigations of compound types, and partly because compounds 
containing the group —C=C—H, other than hydrocarbon, have been relatively 
unavailable. Recently, a large number of materials containing the group 
~C==C—H have become available to us, and hence this systematic study of the 


infrared absorption bands characteristic of this group was undertaken. 


Experimental 


The spectra in this study were obtained in the region 3800-450 em~! on a 


prism-grating spectrometer, designed and built by Herscuer of this laboratory 
[13]; the region 450-300 ecm-! was studied with a Perkin-Elmer model 12-C 


spectrometer, modified for double-pass operation and using a ceasium bromide 


prism. Spectra were obtained in CCl, solution in the region 3800-1333 em-!; in 
C'S, solution (1333-450 em~') and in hexane solution (450-300 em~'). Spectra of 
materials not soluble in non-polar solvents were obtained by the Nujol-mull 


N. SHEPPARD and D. M. Simpson, Quart. Rev. (London) 6, 1 (1952) 
B. L. Crawrorp, J. Chem. Phys. 8, 526 (1940) 
F. F. CLEVELAND, M. J. Murray and H. J. Tauren, J. Chem. Phys. 10, 172 (1942 
F. F. CLEVELAND and M. J. Murray, J. Chem. Phys. 11, 450 (1943) 
>| G. GLocKLerR and H. M. Davis, J. Chem. Phys 2, S81 (1034 
6) M. J. Murray and F. F. CLevetanp, J. Am. Chem. Soc. 61, 3546 (1939) 
7 H W THOMPSON and Pp TORKINGTON, a..© hem. Soc. 595 (1044) 
8| N. Suerrarp, J. Chem. Phys. 17, 74 (1949). 
9) B. Timm and R. Mecke, Z. physik. Chem. (Leipzig) B $4, 442 (1937). 
10!) T. Y. Wu. Vibrational Spectra and Structure of Polyatomic Molecules p. 176. Edwards Brothers, Ann 
Arbor, Michigan (1946). 
11) J. F. Woriz and F. A. Miter, J. Am. Chem. Soc. 71, 3441 (1949) 
12) J.L. H G. D. and M. C. Wuirine, J. Chem. Soc. 1874 (1955) 
l . W. Herscuer, Spectrochim. Acta 15, 901 (195%). 
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R. A. Nyevist and W. J. Ports 
technique. The vapor spectra noted below were obtained in a multi-pass gas 
cell (4-5 m) built by Herscuer after a design of Waite [14]. 

The compounds obtained from outside sources are listed below with the 
source: H—C-=C—CH,—Br: General Aniline; H—C=C—CH,—OH: General 
Analine; methyl acetylene: Olin Mathieson; ethyl acetylene: Olin Mathieson. 
The remainder of these acetylenic compounds were prepared in the laboratories 
of The Dow Chemical Company. All compounds were purified by distillation. 
lable 1 lists the various frequencies characteristic of the C==-C—H group. 
structure (the number in parentheses is the number 
of this structure type included in this study); column (2) lists the 


In column (1) is the molecular 


tch frequency; column (3) lists the C=C stretch frequency: column 


( ( stretch frequency (where observed); column (5) lists the 


hending frequency (0! both bending frequencies in the non-degenerate 
case . below column (6) lists the first overtone of the (" H bending 


frequency: and column (7) lists the skeletal bending mode for a few cases. 


Discussion 
The prequency 


The significant fact about the behavior of the acetylenic ‘ H stretching 
frequency remarkable constancy with respect to variation of chemical 


structure of the rest of the molecule, but high sensitivity to physical state. \ll 


compounds in this study exhibited the acetylenic ¢ H stretch in the narrow 


3310-332 when measured in CCl, solution; yet phenyl acety lene 
this absorpti nat 3340 em~! in the vapor state, 3316 in 


and 33290 em in cyclohexane solution, while p nitrophenyl pro 


included in compound type i”. Table 1) absorbs at 3313 em tin 
267 em! in the solid state (Nujol mull) Quite likely 


H stretch frequency to surroundings results from hydro 
actions between the slightly acidic acetylenic proton and neigh- 


or solvent mole cules, as has been sugy¢ sted by WHIPPLI elal.\15 


noted “as a shoulcde ron the low lrequeney sick of the 
H absorption ‘This probably results from a summation tone of 


amental or ful damental!s We suggest it is the summation of the 


ie of the { H bending mode, found at ~1250 em ' and the ¢ (" 


stretch ndamental Its iitensity 18 probably the result of a 


Fert i resonance 


H stretch fundamental KAYE | 16] has 


made the 


wn by Worm and the C= 


stretching absorption 
has appreciable intensity Ith hydrocarbons only 


in terminal triple bonds, i.e. 
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C—C—H. We have made the same observation, but wish to stress that in 


hydrocarbons this absorption is best described as weak, €yx 10 (moles/em*) being of 


the order of 15 for all hydrocarbon compounds in this study. (The corresponding 
«-value for =-C—H stretch is usually of the order of 150.) 

As is well known, this absorption occurs in the region 2100-2140 em~! for 
compounds of the type —C=C—H. As shown by Murray and CLEVELAND [17], 
compounds of the type R—C==C—H have but one absorption band in this region, 
However, compounds of the type G—CH,—C=C—H, where G is any polar atom 
or group, almost invariably show one or more shoulders on this band. Presumably, 
these “satellite bands” are the result of overtones and/or combination bands, but 
no attempt to assign the fundamentals involved has been made. 

The explanation of variation of C=C stretch frequency as the nature of the 
attached chemical group varies does not appear to be simple. Previous workers | 12] 
have noted that conjugation of C=C with phenyl (or other z-electron systems) 


usually reduces the C=C stretch frequency. Presumably this is a result of 


resonance forms: 


H 


H, ; and 


However, this frequency in phenyl! acetylene is only ~6 cm~ lower than its value 
in compounds of the form R—C=C—H, while C—C stretch frequencies, when 
conjugated, show a considerably larger frequency drop compared to the uncon- 
jugated molecules (see, for example, [8], p. 34). 

The propargy! halides, X—CH,—C=C—H, have been shown to have some 
what longer C—X bond lengths than in equivalent R—X compounds [18] implying 
possible resonance forms of the type X—CH,—C=C—H and 


X CH,—C=C—H | X CH,—_C=C—H 
and and 
X CH,=C=C—H |, X CH,=C=C—H 


all of which presumably would lead to weakening of the C=C force constant and 
lence a drop in C=C stretch frequency. The opposite is observed: the propargy! 
halides have higher values of C=C stretch frequencies than hydrocarbons of the 
form R—C=C—H (see nos. 1-7 in Table 1). 

Finally, the C=C stretch frequency appears to be quite sensitive to the number 
of hydrogens « to the C=-C—H group (compare nos. | and 2; Sand 9; l0 and II 
in Table 1). We suggest that an explanation of C=C stretch frequency variation 
probably depends on at least three factors: 

(a) Inductive and resonance effects of the group adjacent to —C==C—H. 

* These latter forms have been suggested by Rocers and Pamis# [19] on the basis of dipole-moment 
studies. 
17] M. J. Murray and F. F. Cieve.anp, J. Am. Chem. Soc. 63, 1718 (1941) 


18! L. Pavuurne. W. Gorpy and J. H. Sayior, J. Am. Chem. Soc. 64, 1753 (1942). 
19) M. T. Rogers and M. B. Pamisu, J. Am. Chem. Soc. 77, 3684 (1955). 


422 


1960 


H 
16 


Infrared absorptions characteristic of the terminal acetylenic group (—C==C—H) 


(b) Electrostatic interaction between the acetylenic z-electron system and 
the polar atom or group in the G—C—C=C—H plane (see Fig. 1). 
(c) Mechanical interactions (so-called “‘mass effects’) between motions of 


adjacent groups and C=C stretching motion. 
A normal-co-ordinate treatment of the propargyl halides is in progress in this 
laboratory in order to attempt to illuminate these considerations better. 


The U—C = stretching frequency 


The fundamental at 928 em~! (vapor, 930 em~! in CS, soln.) in methyl acetylene 


has been considered as being principally a stretching of the (—C= bond !/1). All 
pall 


of the compounds in the present study were observed to have an absorption in the 


region 900-960 em~!, but because many other types of molecular vibration also 


cause absorption in this region, no attempt was made to relate this frequency 


to molecular structure. This vibration will not be discussed further here. 


The =C—H bending frequencies 


All compounds having the group C=C—H show either one or two strong 
absorptions in the region 610-680 em~'. These are fairly intense, ¢,,,.. being in 


the range 50-200. This absorption we have assigned as the acetylenic hydrogen 
bending mode (or modes). If a molecule of the form R—C=C—H is axially symmet 
ric about the —C=C—H axis, the two acetylenic hydrogen bending vibrations are 
degenerate, and only one absorption frequency will be observed. In methy! 


acetylene, for example, an absorption in the vapor phase at 633 em~! has been 


assigned by SHEPPARD and Simpson [1] to the acetylenic =C—H bend; in CS, 


(see no. |, Table 1). 


solution its value is 630 em 

If the molecule has a distinct axial asymmetry, such as molecules having a 
planar group connected directly to the —C==C—H group, then the degeneracy 
of the —C—H bend will be split to greater or less extent, giving rise to two 
absorptions. Thus, phenyl acetylene (no. 3, Table 1) shows two absorptions at 


642 cm~' and 613 cm~! in the vapor phase, the absorption at 613 em~! being type-C 
(strong @-branch), the absorption at 642 em ~! showing no strong (-branch 
Clearly, then, the 613 em~! band should be assigned as the —< H deformation 


perpendicular to the phenyl ring, while the 642 em~! absorption is the in-plane 


acetylenic —C—H deformation. 
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That the low-frequency ( H deformation is the non-planar vibration is 


ot surprising, a d we would expect this to be so from the following argument 
Of the two mutually perp ndicular z-electron pairs of the acetylenic group, the 
niv one which ca have any interaction (or overlap) with the pheny! ring 7 
electron system is, of course the z-electron whose orbital is essentially perpendicular 


electron @ in Fig. 2 Increased overlap of the z-electron on 


the acety lenic carbon directly attached to the phenyl ring (a) with the z-electron 
of the phenyl carbon atom (b), then implies decreased overlap between the paired 
acety lenic z-electrons whose orbitals are perpendicular to the phens | ring (a and ¢) 
but little or no change in the ace ty lenic 7-electrons whose orbitals are co planar 
with the pheny!| ring d and e). \s a ood deal of the potential energy change 
involved in out-of plane C H bending vibrations in 7-electronic systems is 
pres imed to result from re hvbridization of the z-electron on the carbon atom 
involved (electron c) 20) it thus follows that the force necessary to bend the 
acety lenic ( H out of the plane will be reduced as the z-electron on this carbon 
atom whose orbital is perpendicular to the plane electron ¢) is less strongly paired 
vith the other acetylenic z-electron Hence, its frequency diminishes 


lhe case of a nor axially svmmetri tetrahedral carbon atom con ected directly 


to tl! ( ( H group is not so simple to interpret, however. Consider the 

etry of mole les of the typ (. ( H, ( ( H. where G is any atom or 
group not hydrogen The atoms H—C =—C—€ all lie on a straight line, and these 
atoms together with G determine a plane (see Fig. 1) 

We now asl will the electronic properties of G be such that it will cause a 
polarizati of the ¢ (' z-electronic system in the G—CH,—C=C H plane? If 
this is so. then the force to deform the acetylenic hydrogen owt of the G—— 6 
( H plane will be different from that necessary to deform it in the G—C—C=t H 
pla and two acetylenic == H deformation frequencies should be observed. 
However. if G is such that it causes only weak, if any, p larization of the ¢ ( 
7T-electron syvstel then probably the acetylenic ( H deformation will be 
effectively degenerate, and only one == H bending absorption will be observed. 

Any inductive effect of group-G tra ismitted via the electrons of the tetrahedral 
carbon atom will produce polarization along the C—C= H axis only, and 
ulthough this may influence the frequency of the ( H bend (see below) it 


cannot aid in splitting its degeneracy. 
20) D. I Eaccrrs, Jr Chem. Phys 23, 221 (1055 
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‘ 


Let us now consider the nature of the interaction between group-G and the 
( ( z-electronic system. It seems reasonable to suppose that the dipole moment 
of the G—C bond may cause polarization of C=C; the stronger this dipole moment 
the greater the difference in =-C—H bending force constant between the in-plane 
and out-of-plane vibrations ought to be. Further, the Gordy (or Pauling) electro 
negativity difference between the value of atom or group-G and that of carbon 
gives a reasonable index of bond dipole of G— 21,22], hence this difference 
should be an index of the magnitude of the frequency separation between the 
in-plane and out-of-plane =< H deformation absorptions in compounds of the 
tvpe G—CH,—C=C—H. 

We find that this is just the case. All alkyne hydrocarbons (R—C=-C—H) 
show but one =C—H deformation frequency, in the range 628-633 em~*. All 
propargy! thio-ethers (—S CH, c= H) studied show but one ( H 
deformation (634 em-!); we note the Gordy electronegativity [21] of sulfur is 
2-53. carbon is 2-55, the difference hence is ~0. Propargyl iodide, I—CH,—C 
(‘—H, also shows but one deformation (637 while the electro 
negativity difference between C and I is ~0. 

On the other hand, all the other propargyl derivatives studied show two 


distinct (—H deformation frequencies. The separation between the two 
frequencies varies rather considerably from Av 10 em~! for propargyl bromide 
to Ayr ~40 cm! for propargy! phenyl ethers (see Table 1). The relation 


between electronegativity difference of group-G and carbon, and frequency 
separation of the two =C—H bending frequencies of G—CH,—C= H is 


summarized in Table 2 


bee 


negativiti 


The absolute values of the ==-C—H bending frequencies in propargy| derivatives 
are probably the result of two different effects of the group-G. The first is the 
splitting of the degeneracy so that two frequencies result, Av being roughly 
21] W. Gorpy, Phys Rev. 69, 604 (1946). 


2?) L. Pautine, The Nature of the Chemical Bond. Cornell Universit, Press, Ithaca (1939). 
(23) J. K. Wicmuvrst, J. Chem. Phys. 27, 1129 (1957 
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proportional to the Gordy Wilmhurst electronegativity difference between G and 
carbon, as just discussed. The second effect is the inductive effect of G upon the 
(=C—H group; such an effect is necessary to account for differences in the 

C—H bending frequencies of R—CH,—C=C—H, S—CH,—C=C—H and 
I—CH,—C =C-—-H, each of which has but one bending frequency, 630em~!, 634em~! 
and 637 em~!, respectively. If this second effect is indeed an inductive effect, then it 


should bear a simple relation to the Tarr parameter @, « [24]. 


R-O 
» 660 

© 650) 

640) 

3 

= 630} 

a-o- 


Ve 


In Fig. 3 we have made a plot of a, of the group G vs. the =C—H bending 
frequencies of G-— H,—C=C—H. The curve passes through points for R,S and 
/- for the other substituents it passes between the points of their two absorptions 
in such a way that the ratio of the frequency difference between curve and high 
absorption to frequency difference between curve and low frequency 


frequency 
This implies that an equation relating the absolute 


absorption Is roughly constant 
frequency of ( H bending in propargy! derivatives, G—CH,—C=C H, can 
he written in the form 

where a and 6 are constants, f(a, ,) 8 some simple function of the Taft inductive 
is the Gordy Wilmhurst electronegativity of atom of group G 


parameter! ot 
lerations it is now seen that we can predict at least approx! 


From these consi 


mately the bending frequencies of ('—-H in compounds of the form G—C—C 
(‘\—H: or, conversely, we can use this relation to determine the overall nature of 


yroup (, mm propargy! derivatives trom the ty pe of { H bending frequencies. 
Finally. the =-C—H bending mode possesses a relatively intense first overtone 
This band is easily seen m the spectra of acety lenic hydrocarbons at 1245 cm ! 


e Table 1), but in compounds of the form G—C—C i} H it is often obscured 


rR. W. Tar Steric Effects in Organic Chemistry (Edited by M.S. Newman). John Wiley. New York 
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Infrared absorptions characteristic of the terminal acetylenic group ( 


by strong fundamentals of other modes which occur in this region, especially 
CH, wag. 


The skeletal bending mode 


To complete our study of the modes characteristic of the C==C—H group, we 
have briefly examined the skeletal deformation mode, which may be represented 


A 


as being approximately the motion —C—C=C—H. All the alkyl acetylenes 


(R—C=C—H) in this study show an absorption at ~335 em~!. BoureurEL and 


Daure [25] have assigned an analogous Raman band at ~335-355 cm! as 

skeletal deformation. This motion should be degenerate or not, depending upon 

the interaction of the R and C=-C—H groups, as in the case of ==C—H bend. 

For the case of alkyne hydrocarbons we have assumed that the absorption at 

~335 em~! is the degenerate skeletal bend, by analogy with the behavior of the 
C—H bend in alkyne hydrocarbons (see above). 

In phenyl acetylene the degeneracy will be split, of course but because the 
forces involved in the motion of a phenyl-ring carbon atom are so much different 
from those of an aliphatic carbon atom, it perhaps is not proper to compare (or 
even to describe) modes of the form 


with the bending modes in alky! acetylenes. 

The spectra of the more complex propargy! derivatives usually show one or 
more absorptions in the region 300-350 em~!. Presumably at least one of these is 
the skeletal bending mode, but because of the experimental difficulties of this 
region of the spectrum, at least for structure correlation studies, we have not been 
motivated to pursue this further. 


Acknowledgements—The writers express their thanks to R. F. Monror, E. J. Watson, C. E 
Paw .oski and E. R. Larsen for their work in synthesizing most of the compounds used in 
this study. 


125! M. M. Bourevet and P. Daurg. Bull. Soc. Chim. France 47, 1349 (1930). 
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The vibrational assignments and configuration of aniline, aniline-NHD 
and aniline-ND, 


EVANS 


Abstract — The Raman spect l 1 phase) and infrared spectra (vapor, solution and liquid 
i 

f al niline-NHD and aniline-ND, re studied, tl ifrared study being in the 
Oo } vd in tl 100-3800 rang for the vapor 


nments for the other two 


| are don the basis of a non-planar configuration for 
hes harri ri nal! about the C N bond is calculat« ito 
he 3-54 t? ! nitrogen atom is estimated to be at least 


ij agreement with the measured 


Introduction 
Ni WVEROULS Il estigations of the Raman and infrared spectra of aniline have been 
in the literature.* and Wrrrek included aniline in their 


study f the Raman spectra ot a series Of mot substituted benzene derivatives 


und proposed an assignment Ww hich inel ided most ot the modes characteristic ot 
the phe ivi group I \ ENKATESWARAN and PANDY 4. also on the basis of the 
Raman spectrum, proposed a partial vibrational assignment | 2}. Published 


frared| data are cont ied to the region above 600 cm ; and attention has been 


lira i da 
irae focused on the NH, stret hing ! odes and their dependence upon hydrogen 
honding conditions [3] and upon the nature of substituents in the ring [4]. A 
dv of the liquid infrared spectra of aniline and aniline-ND, in the 600-3600 em ; 
regio was rece tiv n ide 1) { ALIFANO and Moc LA who pl yposed a partial 
.ssignment of the C—NH, modes [5 
lhe p rpos of the study described here was to obtain a complete vibrational 
wild be | to cak ilate thermodynam! properties in the 
( vast state and in addition to srovide an independent check on calorimetric 
t hic re to be reported elsewhere |6 The published spectral data were 
sufh@entty mmplete t »enable this t » be done and further studies of the Raman 


spectra of aniline, aniline NHD and aniline-ND, were undertaken 


Experimental 
\ sample i anime determined eryoscopically to be of purity 99-98 mole 
nt [6] was used \niline-NHD and aniline-ND, were prepared by direct 


Many further references may be found in 1-5 


74, 1941 


\ p. 425 442. Pergamon Press Ltd. Printed in Nort i Ireland 
F 
tr Laboratory, The Dow il Compar Midland, Michigan 

kca ol The entropy hou el ra isin? 
| 
16 
1960 

a and iniraread 
1) K. W. F. Ke rand H. Wrrrek, J h. Chem 
2) Cc. 5. N N. 8. Panpy ” A15, 300 (1942 
N. Fus L. J ex, R. L. erpack. J. Chem. Phys. 20, 145 (1952 
6) D. L. Him G. C. R. A. W. E. Harrow and D, R. Streit. To be 
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The vibrational assignments and configuration of aniline, aniline 


NHD and aniline ND, 


exchange of aniline with D,O. The aniline-NHD necessarily contained aniline 
and aniline ND, while the aniline ND, after three exchanges contained about 
3 percent of aniline NHD. Drying of the samples was done with anhydrous 
potassium carbonate. 

Infrared spectra in the 3800-450 em 1 region were recorded using a grating 
spectrometer (slits 1 em 1 over the entire range) designed and constructed in this 
laboratory [7]. Between 450-320 cm~ a Perkin-Elmer 12C double-pass CsBr- 
prism instrument was used, Some vapor spectra were recorded at 25°C using a 
4-m path cell, but to record the weaker bands it was necessary to use a heated 
10-em cell. 

Raman spectra were obtained using 4358 A excitation with a Hilger photo 
electric-recording spectrometer (7 A/mm at 4358 A) equipped with a Hilger source 
unit. Samples were out gassed and distilled under vacuum into the sample tubes 
which were then sealed. After many hours exposure the samples were still colorless. 
Depolarization measurements were made [8] and the measured values were 
corrected for convergence error |}. 

Results 


The spectra are reproduced in Figs. 1, 2 and 3 and the data are tabulated in 
Tables 1. 2 and 3. The numbers quoted for the intensities of the Raman bands are 
relative peak heights only: they are not corrected for the variation in instrumental 
sensitivity. Several alternative assignments are available for many of the overtones 
or combination bands observed but all of these possibilities are not tabulated. 

The Raman spectrum obtained for aniline was in good agreement with pre 
viously reported data, the only major difference being the detection here of the very 
broad, polarized hand centred in the 650 em~ region, which was not observed 
previously. The Raman spectra of aniline ND, and aniline NHD had not pre 
viously been reported. 

The infrared spectra above 600 cm! were also in agreement with published 
data although several weak features not previously reported were recorded. 
These are in several cases assigned to fundamental modes and correspond to well 
defined Raman bands. Below 600 cm~! there were no published data available 
for comparison, 

Discussion 


The equilibrium configuration of the aniline molecule is not known with 
certainty since none of the direct methods of structure determination has been 
applied. However, there is considerable indirect evidence which suggests strongly 
that. although the lone pair electrons of the nitrogen atom are delocalized to 
certain degree, this delocalization is not as great as to produce a cot pletely 
planar molecule, i.e. the NH, group in aniline has a configuration between that in 
methylamine {10} and that in formamide {11}. Formamide was recently shown to 


be non-planar. 


7) L. W. Herscuer, Spectrochim. Acta 15, 901 (1959). 
8] J. T. Epsatt and E. Briecut Witson, J. Chem. Phys. 6, 124 (1938 

9) D. H. Ranx and R. E. Kacarise, J. Opt. Soc. Am. 40, 89 (1950 

10] D. R. Lupe, J. Chem. Phys. 27, 343 (1957) 

11) J. M. DowLine and C, C, CosTarn, Symposium on Molecular Structure ar S pect py. | iumbus, 
Ohio (1959). 
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onal data and assignments 


Raman data (liquid 


Assignment 


00 | S485 3440 $435 5 D NH, stretch a 


S418 3360 3360 15 O-4 NH, stretch a 
230) $210 3212 3210 2 1620 A 


S106 3104 1600 A 


3004 SOSS CH stretch a 


3074 3072 3072 sh 2s CH stretch a 


8050 sh 3050 sh S053 5S CH stretcha 


3040 3037 3040 sh 15 7 
CH stretch a 


3025 3013 S010 CH stretch a 
2000 4 
2970 2065 1500 1469 A 
20350 2925 2928 ? 1460 A 
2005 2903 1500 1325 A 
256s ? 1600 1279 A 
2625 2625 1600 1020 4 
2545 2540 2 x 1279 A 
2455 2420 1620 822 4 
2280 1600 6890 4A 
2165 1174 995 A 
1600 4 
2006 2 1020 4 
$15 
2 O68 4 


1922 1926 


16140 161s 161s 1620 O-6 NH, bend a 


1603 1602 ring stretch 


1590 L586 ring stretch a 


L558 749 SOS 4 
1527 1526 soo A 


ring strets h 


L480 1485 sh 2 747 A 


ring stretch 


lable 1. Aniline; vibra (i 
Vapor Sortion Liquid | DR. 
a 
4 | 
3056 
: | 
3046 | 
4 V 
16 
4 1960 
191s 057 968 A 
Cs S74 O68 4 
S74 057 A 
| 176s ca. 1770 S23 957 A 
] 
fee 1611 ee 
4 
1503 1501 6 0-6 2 
196 
1470 1468 1468 
439 
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Table 1—(contd.) 


Infrared data* Raman data (liquid) 
Assignment 


Vapor Solution Liquid (em~*) D.R. 


1377 1382 1390 } D 2 689 A’ 
1340 1340 1341 ? 823 527 A’ 
1324 1330 ring stretch a 
1308 1312 CH bend i.p.a 


| 


1276 | 
1270 


1180 
1173 } 1173 75 76 ° CH bend i.p. a” 


1166 


1278 X-sensitive a 


1190 SOS 390 A” 


1152 } 55 CH bend i.p. a 
1090 
1084 1115 2 ; CH bend i.p. 
1077 

1054 1050 NH, twist a 
1028 1028 1028 1029 ; CH bend i.p. a’ 
996 
990 996 996 998 . ring breathing a’ 
983 

985 984 984 “a. - NH, 

968 970 970 CH bend o.p. a’ 

957 959 CH bend a” 
874 874 S80 CH bend o.p. a’ 
830 
820 
812 808 810 $12 . X-sensitive a 
760 
753 
745 
740 
690 691 ring def. o.p. a 
669 | 
665 57 ca. 670 ‘a. 65 NH, wag 


823 826 §2: . CH bend o.p. a 


751 ' CH bend o.p. a 


658 
618 ring def, i.p. a 
§27 53° ? X-sensitive 
50] X-sensitive 
~4 007 tors 
ring def. 


X-sensit ive 
X nsitive 


* Relative intensities may be estimated from Fig. 1. 
+ Relative intensities uncorrected for variation in sensitivity. 
D.R. = depolarization ratio. P = polarized; D = depolarized; shoulder. i.p in-plane; 


o.p. = out-of-plane; vb very broad. 
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Table 2. Aniline-NHD; vibrational data and assignments 


Infrared Raman (liquid) 


Assignment 


Vapor Solution Liquid 


3500 3482 3430 sh w aniline 


3461 3440 3380 m 3370 4 4 NH stretch 
3420 3400 3360 sh w aniline 
3210 3210 w aniline 
3112 sh 3110 3108 w 1502 1605 
2089 3092 w CH stretch 
S075 3074 w 3075 sh CH stretch 
3056 sl 3052 w 3052 140 | P CH stretch 
3050 3032 3029 m CH stretch 
3012 S008 w S007 10 CH stretch 
9505 2565 w aniline-ND, 
2558 2540 2508 m 2507 4 P ND stretch 
2502 2400 2402 4 P aniline ND, 
2470 2462 vw ca. 2450 sh aniline ND, 
2450 2442 2450 w 2428 3 Pp aniline ND, 
1932 1926 w 2 967 
1917 | 954 968 
S74 “6S 
1836 w = 
[824 w S74 54 
L767 w SIS 054 
1690 w SIs S74 
1618 w anilin 
1612 1605 1601 vs 1603 low O7 ring stretch 
158s 1586 w ring stretch 
1550 L550 vw 744 
1509 4 P ring stretch 
1479 vw ring stretch 
1440 1441 1442 w NHD bend 
1322 1322 w ca. 1326 3 P aniline ND, 
1310 1302 1304 m 1306 8 0-3 aniline ND, 
1276 aniline 
1273 1262 1264s 1268 16 2 X-sensitive stretch 
L180 1174 1176s 1176 O-4 CH bend ip 
1152 1152 1153 m 1156 26 OT CH bend i.p 
1089 m 1084 5 CH bend i.p 
1032 1029 1029 m L030 CH bend 
997 m 128 ol ring breathing 
ring 
06s 972 vw 972 6 P CH bend o.p 
ca. 960 w NHD twist 
“54 958 vw CH bend o.p 


s7¥ S75 SSil m CH bend o.p 


V 
16 
4 
1960 
| 
| 
‘ 
2 | 


SOS 
750 


691 


‘apor 


Infrared 


Solution 


819 
800 
749 
690 
619 


Liquid 


825 w 

SOL m 
754 vs 
693 vs 
619 vw 


ca. 600 vbm 


525 vw 
500 
470 w 


Table 2 


(contd.) 


Raman (liquid) 


620 


. 600 vb 


526 


470 
417 
390 
368 
230 
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Assignment 


CH bend O.p. 
X-sens. str tch 
CH. bend o.p. 
ring def. o.p. 
ring def. i.p. 
NHD wag 
X-sens. def. i.p. 
X-sens. def. o.p. 
aniline ND, 
ring def. o.p. 
aniline 

X-sens. def. i.p. 
X-sens. def. O.p. 


ri 


medium ; 


INTENSITY 


w = weak; 


vw very 


Many abbreviations are defined under Table 1. 


weak. 


Those that are not are: vs 


very strong; 8s = strong; 


3200 3000 


2800 


2600 2400 


1600 1400 


his 


as being due to 4347 A excitation have not bee 


ian sper 


3400 3200 


| 
| 
| 


“ALS 


3000 28600 


iim the! 


H 
2 


2600 


juid pot 


slit 


c 


width 


1600 


seve 


ral 


was Ca, 


1400 1200 1000 


it 


n included in the 


800 


600 400 


nds def 


re prod 


"200 


| 
| 
on | 
826 20 | 
803 50 | 
| 7156 D 
4 13 P? 
5 
525 = 13 
4 499 
| 
3 
6 
| 13 
| 
H.NO 
ese | 
| 
| | | 
| 
4 | N U 
| i | 
| 
H_N 
a i | 
| 
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Table 3. Aniline-ND,; vibrational data and assignments 


Infrared data Raman data (liquid) 
Assignment 


Vapor Solution Liquid D.R. 


3460 3440 3425 aniline-NHD 


S105 S108 3106 1500 1604 A 
3088 3088 3085 CH stretch a 
3078 3070 3067 3067 50 CH stretch a’ 
3050 75 | p CH stretch a 
3045 3033 3030 3038 sh 50 CH stretch a 
S015 3000 S006 ea. 3000 10 CH stretch a 
2000 1500 A’ 
2050 1500 1460 A” 
ca. 2920 2020 2 1460 A’ 
Obscured 2000 2800 1582 1325 A’ 
by D,O 2610 2610 2 1303 A’ 
abs 
2610 2502 2562 2571 10 D? NH, stretch a” 
9550 2535 aniline-NHD 
2495 2485 2475 2483 22 0-2 
2466 2460 2457 24 Pp resonating with 
1306 1155 and 
2445 2440 242s 2425 30 P 
1500 974A 
1970 1972 L580 $15 A 
1925 1934 1940 2 970 A 
1909 191s 1928 955 — 970A 
1825 1840 1836 873 + 965 A 
1827 | 873 O51 A 
1760 1768 774 S18 951 A 
1690 1692 1700 SIS 873 A 
1642 2 SIS A 
1608 1604 1602 1604 114 4 ring stretch a 
1582 L580 ring stretch a 
1546 1546 748 798 A 
1517 1515 1028 497 A 


1499 


1483 


1460 1459 1458 2 ring stretch a 
1441 1442 aniline-NHD 
1378 1382 1386 l 4 2 689 A’ 
1338 S18 518 A’ 
1322 325 1325 10 02 055 359 A 


l 
1308 303 1303 1305 is 0-2 X-sensitive a 
l NHD 


aniline 
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The vibrational assignments and configuration of aniline, aniline-NHD and aniline-ND, 


Table 3 (contd,) 


Infrared data Raman data (liquid) 
Assignment 


Vapor Solution Liquid cm”! I D.R. 


Details 1175 1178 1175 7 P CH bend 1.p. 4 


lines 
L104 1110 748 359 A’ 
1080 1080 1081 5 D CH bend Lp. 
: 1028 1028 1029 67 1 CH bend i.p. a 
998 999 165 ring breathing a 
2 ? ND, 
965 973 973 2 : CH bend o.p. a 
O51 CH bend oO.p. a 
S74 873 SSU CH bend o.p. a 
S18 $22 825 10 P CH bend o.p. a’ 
ca. 800 798 798 70 P X-sensitive @ 
750 748 752 755 6 D CH bend o.p. a” 
687 689 693 693 2 r ring def. o.p. 4 
618 619 618 12 D ring def. 1.p. 4 
515 ca. 565 vb | ca. 570 vb O-3 3} tors. ND, 
518 519 522 14 P X-sens. i.p. a 
497 497 X sens. O.p. a 
440 ca. 420 470 vb 470 vb 0-3 ND, wag 
415 2 ring def. o.p. 4 
359 X-sens. 1.p. 4 


X-sens. 0.p. a’ 


See footnote to Table | for key to abbreviations. 


The indirect evidence arises from (a) resonance energy considerations 12]; 


(b) Kerr-constant measurements [13] and dipole-relaxation studies [14]; (c) dipole 


moments of aniline derivatives, in particular the finite moment (1:23 D) of NN’- 
tetramethyl-p-pheny lenediamine[15]; ultraviolet absorption spectra of substituted 
anilines [16]; (d) the © N bond lengths of several ring substituted aromatic 
amines [17] as determined by X-ray diffraction studies yield a mean value of about 
1-42 A which is to be compared with 1-47 A in methylamine [10] and 1-376 A in 
formamide [11]. The Raman spectroscopic e\ idence based on the differing selection 


rules applicable to the planar model (C,,) and to the non planar model (C,) is 
inconclusive because of the weak coupling between the NH, and the ring modes; 


12) L. PAULING, Nature f the ¢ hemical Bon / p. 207. Corne ll University Press (1045 

13| M. Aroney and R. J. W. LeFevre, J. Chem, Soc. 2775 (1956). 

14] M. M. Davies, Quart. Revs (London) 8, 250 (1954 

15) A. WEISSBERGER and R. SANGEWALD, Z. pl ysik, Chem. B5, 237 (1929) 

16) B.M.Wepster, Progress in Stereoe hemistry (Edited by W. KiyN! and P. B. D. pe LA MARI Vol. 2 
p. 100. Academic Press, New York (1953). 

[17] Interatomu Distances. Special Publication No. 11, The ¢ hemical Society, London (1955). 
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thus many of the phenyl ring modes behave according to (’,, rules and appear to 
be depolarized in the Raman spectrum. 

The model accepted as a basis for discussing the vibrational assignment and 
for calculating thermodynamic properties was the model of symmetry C,, which 
is in accord with all available evidence and with theoretical expectation. The 


dimensions of the phenyl ring were taken to be the same as those of benzene 
[18]. The CNH angle was assumed to be 116° while the value for the HNH angle of 
112° was calculated from the vapor-phase frequencies of the NH, stretching modes 
using equations derived by Lrxynerrt [19] on the assumption that these modes are 
independent of the other vibrational modes. This appears to be adequate—in the 
two cases where it can be tested against accurately measured angles, methylamine 
and formamide, the calculated values are within 2° of the measured values. This 
may be interpreted as further evidence for the non-planar aniline configuration. 

All the vibrational modes of this model are infrared and Raman active. The 
twenty modes of species a’ should be polarized in the Raman spectrum while the 
sixteen a” modes should be depolarized. However, as discussed earlier some modes 
obey C,, rules. Some assistance was obtained from the shapes of the band envelopes 
in the vapor spectra | 20]. 

The vibrational assignments may be conveniently considered in three parts— 
phenyl-ring modes insensitive to the nature of the substituent, phenyl-ring modes 


sensitive to the substituent, and the modes of the NH, group. 


Phe n yl-) ing mode 8 


A number of complete vibrational assignments for monosubstituted benzenes 
are now available—monodeuterobenzene [21], toluene [22] fluorobenzene [23, 24, 25], 
benzenethiol [26], chlorobenzene, bromobenzene and iodobenzene [25]. From 
these studies it is apparent that twenty-four normal modes of the monosubstituted 
benzenes are affected very little by the mass and nature of the substituent. 


. Strorcuerr, Can. J. Phys. 32, 339 (1954). 
, Trans. Faraday Soc. 4], 223 (1945). 
L. R. Zumwatrt, J. Chem. Phys. 6, 711 (1938). 
R. Gorpown, J. B. Hate, N. Herzrevp, C. K. Incoip and H. G. Poorer, J. Chem. 


and D. W. Sco P.. J Am. Chem. Soc 65. 824 (1943). 
Ferevson, R. L. Hupson and J. R. Nrecsen, J. Chem. Phys. 21, 1475 (1953). 
J. P. McCuttover, W. D. Goon, J. F. Messerrty, R. E. Pennincron, T. C. 
A. Hossencorr, D. R. Dovstrs and G. Wappinetror, J. Am. Chem. Soc. 78, 


Wuirren, J. ¢ hem. Sor 1350 1056 a 


J. P. W. N. Hupparp, J. F. Messerry, I. A. Hossencorr, F. R. 
yand & WADDINGTON, J Am. Chem Soc, 78. 5463 (1956 . 
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23) D. C. Smrra, 

(24) D. W. Secor 

: 


The vibrational assignments and configuration ol aniline, aniline-NHD and aniline -ND, 


Most of the ‘“‘X-insensitive’’ modes where X is NH,, NHD or ND, require no 
additional discussion and may be found in the tables. The few anomalies that 
occur are due to interactions with NH, modes and will be discussed later 

The assignments of the out-of-plane CH deformation modes which give rise to 
very weak infrared and Raman bands were greatly assisted by consideration of 
the relatively intense overtone and combination bands in the 1600-2000 cm™ 
region |27, 

990 em! were assigned to two fundamental modes—972 and 957 em~. The third 
band at 984 cm~? in liquid aniline and aniline ND, is adjacent to the very intense 
Raman band at 998 cm! assigned to the ring breathing mode. Raising the 


28]. In this manner two of the three very weak bands between 950 


temperature of liquid aniline to LOO'C had no effect upon the ratio of the intensities 
of the Raman bands at 984 cm~! and 998 cm 1 thus disposing of the possible 
assignment of 984 cm~' to a hot band. Furthermore, a suitable combination or 
overtone could not be found and it appears that its assignment to the breathing 
mode of #C28CH,.X is the most satisfactory solution for the 984 em=! band {29}. 
The relative intensities (ca. 100 : 3) are in accord with the natural isotopic abund 
ance and the assumed form of the normal vibration, i.e. three C atoms moving 
with the other three (including that attached to N) at rest. 

The only other mode in this class of X-insensitive modes which requires some 
discussion is the highest frequency in plane ¢ ‘H bending mode (a”). This is assigned 
in the 1280 em-! region [25], a region which in aniline is obscured by a strong a’ 
mode. However, a weak band at 1308 cm~ in the infrared spectrum of aniline 
appears to be a satisfactory assignment for this mode. 

There are six X-sensitive modes which are fairly readily assigned by analogy 
with the assignments in the literature and by their behavior on increasing the 
mass of X in the series studied here. A noteworthy point in the infrared spectra is 
the marked decrease in intensity of the 500 em 1 (a’) and the marked increase in 
intensity of the 800cm~! band (a’) on deuterium substitution. The highest 
frequency X-sensitive mode. in the 1300 em~! region, will be discussed further in 


dealing with the NH, modes. 


NH, modes 
The two bond-stretching modes require little discussion. The third band in 
this region in aniline (ca. 3230 em 1) while weak in the vapor, increases in intensity 
in the liquid where the adjacent symmetric NH, mode is lowered in frequency by 
hydrogen bonding. The Raman band is polarized and it is very probably the 
overtone of the NH, bending mode at 1620 cm 1 resonating with »,NH,. The 
antisymmetric ND, stretching mode is easily assigned but the symmetric ND, 
stretching mode is involved in strong Fermi resonance with at least one overtone 
or combination level. It is attractive to ascribe the unknown resonating level to 
the combination of two modes which both apparently involve considerable C—N 
bond stretching and ND, bending; these are at 1303 and 1150 em~!. However, 
there are numerous other possibilities. 
[27] C. W. Youne, R. B. Dt Vat and N. Wricut, Anal. Chem. 23, 709 (1951). 


28] D. H. WHIFFEN, 5 pectroc him. Acta 7, 253 (1955). 
(99) A. Lanecsetu and R, C, Lorp, J. Chem. Phys. 6, 203 (1938). 
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The NH, bending or scissors mode is at 1620 em 1/30] while the corresponding 

mode of aniline-NHD is at 1440 cm~?. It is not immediately obvious which band 
is to be assigned to the ND, bending mode, but a reasonable choice can be made on 
the basis of observed depolarization ratios. At 1155 em 1 in the Raman spectrum 
of aniline is found a weak, depolarized band which is very probably to be assigned 
to an in-plane CH bending mode (a”). In aniline-ND,, however, a strong band 
which is polarized appears at 1156 cm~'. This is now assigned partly to the ND, 
bending mode (a’) and partly to the CH bending mode (a"). This assignment 
explains the changes observed in the 1300 em—' region. The a’ ring stretching mode 
involving considerable C—N stretching is assigned at 1278 em~ in aniline, 1268 
em— in aniline-NHD and at 1303 em~ in aniline-ND,, the unexpected upward 
shift in aniline-ND, being due to the interaction with the adjacent ND, bending 
mode. Another band which requires explanation in this region is the polarized 
Raman band at 1325 em in aniline-ND, which is assigned to a combination tone 
resonating with the 1303 cm- fundamental. 

It is believed that this is a more satisfactory assignment than that reached by 
Canrraxo and Mocera on the basis of liquid and solution infrared spectra. They 
assign the ND, bending at 1079 cm~' where a medium intensity infrared band was 
found for aniline-ND, but not for aniline. However, this band appears to be 
depolarized in the Raman spectrum, a fact which in itself is inconclusive but 
which fits a more satisfactory explanation found if other modes in this region are 
considered. A CH in-plane bending mode (a") is observed at ca. 1075 em~ in most 
monosubstituted benzene derivatives and this mode is insensitive to the mass of 
the substituent. In aniline the NH, twisting mode (a”) may reasonably be expected 
in this region and may also be expected to interact with a CH in-plane bending 
mode. Thus. the two bands at 1050 em and 1118 em~ in the infrared spectrum 
of aniline liquid and solution are assigned to these two interacting modes. In 
aniline-NHD where the NHD twisting mode appears at ca. 960 cm~, and in 
aniline-ND, where the ND, twisting mode was not observed, the CH in-plane 
bending modes appear at 1080 cm~! in solution, At ca. 1050 em ! in the vapor 
infrared spectra of the three molecules a medium intensity band is observed and 
assigned to the CH mode. Thus in aniline vapor the vibrational interaction is 
absent presumably because the NH, twisting mode has moved to lower wave- 
number, although its position was not definitely determined. 

Two more NH, modes remain to be assigned, the wagging mode which is 
analogous to the inversion mode of ammonia, and the NH, torsional mode. Each 
of these vibrations when excited with sufficient amplitude may surmount fairly 
low potential barriers and produce inversion in one case and an internal rotation 
in the other case. The configuration attained after surmounting either barrier is 
the same and is indistinguishable from the original if exchange of the identical 
H atoms is overlooked. These double-minimum vibrations have doubly degenerate 
energy levels which are split, the splitting depending on the positions of the levels 
relative to the top of the potential barrier [31]. The splitting becomes large when 
the levels are near the top of the barrier or higher. 

90) A. P. Creaves and E. K. Pryier, J. Chem. Phys. 7, 563 (1939). 


31| G. Herzperc. Infrared and Raman Spectra of Polyatomu Molecules p. 221. Van Nostrand, New 
wk 1045 


440 


7 
1960 

4 
: 
Z 7 

14 


The vibrational assignments and configuration of aniline, aniline-NHD and aniline-ND, 


The inversion mode of ammonia is at ca. 950 cm~! (mean of two bands) while 
in methylamine the corresponding mode is assigned at 783 cm [30]. Aniline 
vapor shows a strong band in its infrared spectrum at 660 cm which is absent in 
the spectra of aniline-NHD and aniline-ND,. The liquid aniline infrared spectrum 
shows a very broad band in this region, while on dilution with CCl, this band moves 
to lower wavenumber (570 cm~); the liquid Raman spectrum also shows a very 
broad band which is markedly polarized. The assignment of these features to the 
wagging mode of aniline is made. The 660 cm vapor band is apparently not split 
indicating that the first excited level of this mode is well below the barrier top. 
A splitting of 10 cm~! or possibly more might be undetected because of the finite 
band widths. WaLL and GLOCKLER [32] obtained good results for the energy-level 
splittings of four isotopic species of ammonia with a treatment which may be 


readily applied to aniline. The molecular model described earlier yields a value of 


0-36 A for the perpendicular distance between the H atoms of the NH, group and 
the plane of the ring; this distance is taken to be the equilibrium value / of the 
normal co-ordinate of the motion. The appropriate reduced mass [11] was 
calculated to be 6-23 = 10-4 g and with these data the simple treatment yields a 
splitting of 2-4 cem~! for the first excited level and a barrier to inversion of 9-25 
keal/mole. Because of the assumed shape of the barrier this height is too large and 
applying the same correction as was found necessary for ammonia we obtain 5-7 
keal/mole. These values, in particular the value for the level splitting, are very 
sensitive to the assumed value of I, e.g. 1 = 0-32 A yields a splitting of ca. 13 em 
and a barrier of 4-5 kcal/mole. This barrier height may reasonably be taken as a 
minimum value. 

The NH, torsional mode is undoubtedly low-lying and the fundamental is 
beyond the range of this infrared study. This type of mode is usually very weak in 
the Raman effect and no indication of a suitable band was obtained. However, in 
the infrared spectrum of aniline vapor a band was observed at 420 em which in 
dilute solution in n-hexane appeared at 440 cm~'. In the liquid the band is very 
weak but may be responsible for a slight asymmetry on the lower wavenumber 
side of the strong band at 500 cm~!. These features are assigned to the first overtone 
of the torsional mode. Since the upper level of the transition does not interact 
with any of the adjacent energy levels, as is indicated by their immobility when 
the torsional level is moved considerably by the phase changes, we may use the 
observed frequency to calculate the height V, of the potential barrier of assumed 
shape, V=V,/2 (1 — cos 6) where 6 is the torsional angle and » 2 is the number 
of equivalent minima in a complete internal rotation. With this potential function 
the Schrédinger equation reduces to the Mathieu differential equation, the eigen- 
values of which have been conveniently tabulated [33].With the value of the reduced 
moment of inertia of 2-69 10-49 g em?* calculated for the assumed model, the 
barrier to internal rotation was found to be 3-54 kcal/mole and the fundamental 
torsional mode to be 216 em~?. 

The spectra of aniline-NHD and aniline-ND, may be reasonably assigned on 
this basis. In aniline-NHD the wagging mode is placed at 555 em~! (vapor) and at 


(32) F. T. Watt and G. Giockuer, J. Chem. Phys. 5, 314 (1937). 
33) E. Bricut Wirson, Jr., Chem. Revs. 27, 17 (1940). 
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600 em~? (liquid) while the torsional mode overtone appears near 400 cm lin dilute 
solution. The presence of aniline and aniline ND, in the sample complicates this 
spectrum. In aniline ND, it is necessary to invoke resonance between the first 
excited level of the wagging mode and the second excited level of the torsional 
mode in order to explain the two broad bands at 470 and 570 em~ which appear in 
the liquid infrared and Raman spectra (both polarized) and in the vapor infrared 
spectrum at 440 and 515 em 1 The lower and more intense band is assigned to 
the wagging mode, the other to the second overtone of the torsional mode. In 
solution the two levels are further apart, the resonance is weak and the torsional 
transition is not enhanced in intensity, only the wagging mode now being observed 
as a broad band just above 400 em™. 

Application of the Teller-Redlich product rule was made using the solution 
phase frequencies of aniline and aniline-ND,. All the a’ modes are assigned and 
the product ratios are: theoretical 0-374, observed 0-377. All the a” modes are not 
available. the twisting and torsional ND, modes not being observed. However, it 
seems reasonable to assume that the missing twisting ND, mode is hidden by the 
strong 750 em~ infrared band. The fundamental torsional mode in solution should 
then be ca. 163 em~'. 

Finally, further support for the assignment and assumptions made here may be 
drawn from a comparison of the calculated and the observed entropies of the ideal 
vapor. In the calculation, vapor phase frequencies were used whenever possible 
and the vibrational entropy contributions were obtained from standard tables [34]. 
The external rotational entropy contribution was calculated using the symmetry 
number one and the moments of inertia: 150-1, 320-4 and 469-6 10-48 ¢ em?*. 
PirzER [35] has shown that when the barrier to inversion is high, as appears to be 
the case here, a good approximation in calculating thermodynamic properties is 
to neglect the possibility of inversion, take the lower symmetry number (i.e. one in 
this case) for external rotation and assume single rather than doubly degenerate 
vibrational levels. The restricted internal rotation about the C—N bond was 
treated according to PrrzeR and Gwrxy’s methods [36,37] w ith the reduced moment 
of inertia and barrier quoted earlier being used. The total calculated entropy at 
950°K was 80°72 cal °C! mole“ which differs from the measured value* by less 
than the uncertainty of the measurement 0-2 cal °C mole. A complete 
tabulation of the thermodynamic properties of the vapor based on the assignment 
and structure described here will be published elsewhere [6). 


* Measured at the Thermal Laboratory, The Dow Chemical Company, and to be published [6). 


84) H. L. Jonnston, L. Saveporr and J. BELzer, Contributions to the Thermodynamic Functions by a 
Planck—Einstein Oscillator in One Degree of Freedom. Office of Naval Research, Washington (1949). 

35 K.S PITZER, J. Chem. Phys. 251 1939). 

96) K. S. Prrzer and W. D. Gwrsn, J. Chem. Phys. 10, 428 (1942). 

97)\ K. S. Prrzer, J. Chem. Phys. 14, 239 (1946). 
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Oxygen in vanadium* 
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Abstract—The oxygen impurity content of vanadium metal can be determined spectrometrically 
by liberating it as carbon monoxide with a d.c. carbon-are discharge in pure argon. The arc 
discharge dissociates the evolved carbon monoxide and excites the emission spectrum of oxygen. 
The intensity ratios of the line pairs O 7772 A/Ar 7891 A and O 7775 A/Ar 7891 A are related to 
the oxygen concentration. It is shown that the rate and degree of evolution of the oxygen 
content is sensitively dependent on the environmental conditions in the graphite supporting 
electrode. Oxygen concentrations in the range from 0-004 to 0-5 weight per cent can be deter- 
mined with a coefficient of variation of +5 to 6 per cent of the amount present. 


Introduction 

IN PREVIOUS communications of this series [l—5], the emission spectrometric 
determination of the oxygen, nitrogen and hydrogen content of several metals 
are discussed. The techniques described in these papers are all based on melting 
the metal and extracting the gaseous elements with a d.c. carbon-are discharge 
in pure argon. The emission spectra of the extracted gases are then excited with 
the same are discharge. Since the oxygen appears to be evolved primarily as 
carbon monoxide, the reaction of the carbon dissolved from the electrode receptacle 
with the oxide content of the metal plays a primary role in the gas extraction 
process. 

As part of a continuing study on the scope of application of these techniques, 
experimental conditions were established for the rapid and complete evolution of 
the oxygen content of vanadium metal. The results of these studies, which are 
summarized in this communication, show that the rate and degree of evolution of 
the oxygen content is sensitively dependent on the environmental conditions in 
the graphite supporting electrode. 


* Contribution no. 820. Work was performed in the Ames Laboratory of the U.S. Atomic Energy 

Commission. 

fl] V. A. Fassex and R. W. Tase rine, Spectrochim. Acta 8, 201 (1956). 

V. A. Fasser and W. A. Gorponr, Anal. Chem. 30, 179 (1958). 

[3] V. A. Fasser, W. A. Gorpon and R. W. Tase tine, Symposium on Determination of Gases in Metals. 
ASTM Special Technical Publication No, 222, pp. 41-60 (1958). 

[4] V. A. Fasser, W. A. Gorpon and R. J. Jasmyski, Proceedings of the Second International Conference on 
Peaceful Uses of Atomic Energy, Geneva, 1958, Vol. 28, pp. 583-592. United Nations, New York (1958). 

[5) V. A, Fasset, W. A. Gorvon, R. J. Jasinski and F. M. Evens, Rev. universelle mines 15, 278 (1959). 
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Apparatus 


The apparatus employed in these studies has been described in detail [1-5]. 


Influence of electrode geometry on extraction efficiency 

When vanadium metal samples are arced in graphite supporting electrodes, 
their behavior is similar to that observed for steel specimens fi, 3}. Appreciable 
carbon dissolution from the receptacle walls occurs rapidly, thus supplying an 
abundance of carbon to the melt. For thin-walled cavities, the walls are dissolved 
completely, so that the are rests directly on the globule. This provides the high 
local temperature and precipitous temperature gradients which are essential for 
high reaction rates. 

Because of the low density of vanadium, samples weighing more than 0-5 g 
are too bulky for electrode receptacles of reasonable size. Of the many variations 
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in electrode geometry which might accommodate samples weighing approximately 
0-5 ¢. the two versions shown in Figs. 1| 4) and 1(B) illustrate typical minimal mass 


receptacles Samples of the approximate geometry shown can be supported 
convent ntly in these electrodes When these electrodes are arced at 20 A, the 
melt not only dissolves the receptacle walls but also envelops the floor of the 
receptacle, forming a sphere supported on the constricted neck, as shown in Fig. 2. 
Fig. 1(A’) shows that this sequence of events results in the release of the oxygen 


eontent in about 30 sec, when the electrode of Fig. 1(A) is used. Unfortunately, 


a significant number of samples (ca. 20 per cent) fail to form a stable sphere, 


resulting in loss of sample during the arcing cycle. The electrode geometry shown 
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in Fig. 1(B) provides a more comfortable receptacle for 0-5 g samples. At 20 A 
arcing current, the receptacle wall is dissolved rapidly and most of the receptacle 
is enveloped by the melt. However, the envelopment is not complete and a very 
thin floor remains to support the molten sphere. With this configuration no loss 
of sample occurs. When the Fig. 1(B) design is used, the oxygen content is not 
evolved as rapidly as in the Fig. 1(A) version. However, the stability exhibited by 
the Fig. 1(B) design makes it more suitable for analytical purposes. Volatilization 
of vanadium metal is also somewhat reduced with this design. 

A typical behavior of the oxygen analytical and argon internal standard lines, 
and a selected vanadium line, during the course of an excitation cycle is depicted 
in Fig. 3. The attainment of an essentially constant value in the oxygen/argon 
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Fig. 3. Spectral line behavior during excitation. 


intensity ratio during the exposure interval between 55 and 75 sec indicates that the 
evolution of oxygen content terminates at about 55 sec. After this period, a high 
degree of internal standardization is achieved by the argon 7891 A line, as mani- 
fested by the parallel behavior of the oxygen/argon line pair components. 

The data plotted in Figs. 4(a—d) illustrate how small progressive variations 
in dimensions of the basic electrode design influence the rate and completeness of 
the carbon monoxide evolution. In these figures attention should be focused on 
the time required to reach the maximum steady-rate intensity ratio. The latter is 
a measure of the completeness of the evolution process. The intensity-ratio peaks 
during the early phases of the arcing cycle reflect the higher concentration of 
carbon monoxide in the discharge column during the evolution phase. Fig. 4(a) 
shows that the addition of just 0-24 mm to the floor thickness of the receptacle 
portion reduces the rate of evolution to such a degree that at 200 sec only about 
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Fig. 4. Effect of changes in electrode dimensions on rate and completeness of extraction of 
the oxygen content. 


60 per cent of the total oxygen content has been evolved. Moreover, the shapes 
of the curves indicate that quantitative extraction cannot be obtained with floor 


thicknesses greater than 1-3mm. In contrast, for the optimal 1-1 mm floor 
thickness, evolution is completed in less than 60 sec. Figs. 4(b) and 4(c) show that 


somewhat greater increases in the wall thickness and receptacle inner diameter 
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can be tolerated before the rate and degree of evolution is adversely influenced. 
According to Fig. 4(d), the wall height can be increased by a factor of 3 without 
appreciably influencing the evolution process. 

It is apparently possible to increase the size or mass of the supporting receptacle 
to a certain point before the thermal energy supplied to the melt by the are 
discharge is unable to maintain environmental conditions suitable for the quanti- 
tative evolution of the oxygen content. Several probable mechanisms which may 
upset a favorable environment are: excessive loss of energy through radiation as 
the radiating areas become larger, or excessive carbon dissolution to form a too 
viscous melt. With greater arcing currents it should be possible to employ electrode 
configurations unlike those considered above and still obtain comparable success 
in the oxygen extraction phase. However, increasing the current above 20 A gives 
rise to increased sample volatilization, greater operating blanks [1—5] and higher 
spectral backgrounds, all of which are undesirable. The data plotted in Fig. 5 
confirm that at 20 A arcing current, the geometry shown in Fig. 1(B) is an 
optimal compromise. 

With reference to the completeness of the oxygen extraction during the arcing 
cycle using the Fig. 1(B) design, the spent globules have been examined for residual 
oxygen content by the vacuum fusion method, using a modified platinum-bath 
technique [6]. These measurements indicate that the total oxygen remaining is 
negligible. 


Calibration experiments 


A series of synthetic calibration standards were prepared by dissolving pure 
vanadium pentoxide in low-oxygen content vanadium metal, using arc-melting 
techniques. Several small holes were drilled into 40 g specimens of vanadium. 
These cavities were packed with an amount of pure vanadium pentoxide which 


yielded a total oxygen content of approximately 0-2 per cent in the final are-melted 


button. Tapered cylindrical caps of the base material were forced into the holes 
with a hydraulic press. Before arc melting this specimen, a low-current are in 
purified helium was deployed around the circumference of the caps to seal the 
cavities. The are melting was then performed under purified helium at atmospheric 
pressure. The buttons were flipped over at least six times to insure homogeneous 
distribution of the oxygen content. Standards of lower oxygen content were 
prepared by successive dilution with the base metal. To check the accuracy of 
these standards, the oxygen content was determined in quadruplicate by vacuum 
fusion analysis, using a modified platinum-bath technique [6]. The results are 
summarized in Table 1. Samples A and B were also used as reference standards. 

The mode of operation and procedural details employed in obtaining the 
spectra have been adequately described [1-5]. Table 2 summarizes pertinent 
details which apply to the vanadium system. 

The analytical curves for the two line pairs are shown in Fig. 5. The analytical 
curve for the weaker 7775 A line shows a slight curvature at the low concentrations 
attributable to uncorrected background and operational blank. 


(6) D. H. Witkrys and 8. F. Fieiscner, Anal, Chim, Acta 15, 334 (1956), 
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Table 1. Standard samples employed for calibration 


Oxygen concentration (wt. %) 
Description 
Calculated Found by vacuum fusion 


Base metal 0-006 
Base metal 0-02 wt. © 0-026 0-025 
Base metal 0-05 wt. 0-056 0-054 
Base metal + 0-10 wt. 0-106 0-105 
Base metal 0-20 wt. °% 0-206 0-202 
Sample A 0-009 


Sample B 


Table 2. Experimental conditions for the determination of oxygen 


in vanadium metal 


Analytical line pairs (A) O 7772 /Ar 7891 
O 7775 /Ar 7891 

Weight of sample (g) 0-5 
Supporting electrode (anode) Shown in Fig. 3 
Are current (A) 20 
Exposure conditions: 

Extraction (sec) 

Exposure (sec 


lo 
Ip 7e9ik 


lo rr7sh 
Ip, 


- 


INTENSITY RATIO 


i 


0004 
OXYGEN CONCENTRATION (WT %) 


Fig. 5. Analytical curves for the determination of oxygen in vanadium metal. 
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Accuracy 
Table 3 shows a comparison of analytical results obtained by the emission 
spectrometric and vacuum fusion methods. These data verify the accuracy of the 


spectrometric calibrations. 


Table 3. Comparison of analytical results 


Oxygen concentration (wt. °,) 
Sample 
Emission spectrometric Vacuum fusion 


0-013 0-009 
0-028 0-029 
0-032 0-031 
0-047 0-049 
0-13 0-14 
0-15 0-17 
0-17 0-18 


0-29 


Precision 
Precision data were obtained from ten single exposures on individual plates 
exposed over a period of several weeks. For two samples containing 0-025 and 0-48 
weight per cent oxygen, the coefficients of variations were --5-5 and 6-5, respectively. 
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Urey—Bradley potential constants in nitrogen dioxide, nitrite ion 
and dinitrogen tetroxide* 
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Abstract The Urey—Bradley type force field has been applied to the calculation of vibrational 
force constants in three nitrogen oxides, NO,, NO,~ and N,O,, which have in common the 
nitro group. For the nitrogen dioxide molecule three independent constants were adjusted to 
fit six observed frequencies from both “N and N isotopic molecules by a least-squares method 
An IBM 650 digital computer was programmed for the calculation on the tetroxide. Seven 
constants were used in this case, and these were fitted to nine observed in-planar mode frequencies 
by a least-squares method. The final set of potential constants for N,O, was found to reproduce 


satisfactorily the frequencies of the isotopic molecule. 


Introduction 


THe accumulation of spectroscopic data on the nitrogen oxides in our laboratory 


has prompted us to initiate force-constant calculations on certain selected 


molecules, which should provide general information on the types of chemical 
bonds one may expect to find in these oxides. Such calculations are useful and 
probably necessary in assigning the spectra of other nitrogen oxides for which 
complete experimental data will be difficult to obtain. One can foresee just such 
difficulty with the molecule N,O,; which is unstable and solidifies into an ionic 
crystal. It is not probable that all fifteen fundamentals of the covalent form of this 
molecule will be identified in the infrared and Raman spectra in view of these 
experimental facts. However, if there existed adequate information on force 
constants in nitrogen oxides of similar structures, then the assignment will be 
simplified a great deal by calculating the frequencies of characteristic vibrations 
and comparing them with the observed spectra. Furthermore, in such calculations 
the total number of atoms in the molecule is no longer a severe limitation since 
high-speed electronic calculators are now available to many investigators. 

The three nitrogen oxides chosen for our first calculations were nitrogen 
dioxide, nitrite ion and dinitrogen tetroxide, for all of which sufficient experimental 
data existed. These species have the NO, group in common, and their structures 
show enough variation so that force constants from these calculations should cover 
the range of values one expects in other molecules possessing this nitro group. 
Moreover, in the tetroxide one also gains information concerning the abnormal! 
NN bond [1] which probably exists in other oxides such as the dimer of nitric oxide 
and dinitrogen trioxide. 

* This research was sponsored in part by the Geophysics Research Directorate, Air Force Cambridge 
Research Center, under Contract No. AF19(604)-2255 and in part by the Grant 8-63 from the Division 
of Sanitary Engineering Service, Public Health Service. 

Department of Chemistry, Kansas State University, Manhattan, Kansas. 


National Science Foundation Cooperative Graduate Fellowship, 1959-60. 
Institute of Chemistry, University of Naples, Naples, Italy 
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The force field one must employ in calculations such as those reported here 
must be representable with the fewest possible parameters and must promise a 
high degree of transferability of the calculated force constants, since lack of 
complete spectroscopic and structural data appear to be common with these 
nitrogen oxides. The Urey—Bradley type force field satisfies these requirements, 
and furthermore it has been applied with considerable success to numerous 
molecules [2]. Another feature of this force field is that it takes into account 
explicitly the interactions between non-bonded atoms. Such interactions were 
found to be significant in perhalogenated methanes [3] and ethylenes [4], and one 
may expect interactions between the oxygen atoms in nitrogen oxides to be 
similarly significant. 

The standard methods of computation with the G- and F-matrices were used 
in this work [5]. The Urey—Bradley potential energy was expressed in terms of 
valence displacement co-ordinates in the usual manner as follows [6]: 

2V S [2K,'r, Ar, + K(Ar,)*] 

> (2H,,'1,2 Ax,,)*) 

> (2F Adis + AQis)*) 
where A, H and F are the force constants for bond stretching, bond-angle 
deformation, and interaction between non-bonded atoms, respectively. The term 
l, is the scaling bond length for the bending constant. The terms Ar, Az and Aq 
are, respectively, the changes in bond distance, bond angle and distance between 
non-bonded atoms. Upon minimizing the potential energy after the redundant 
co-ordinates, g,,, had been removed, the constants K’ and H’ both drop out leaving 
only the quadratic constants and a set of F,,’. In the present calculations each 
F,’ was taken as —0-1 F,, [7]. 


Calculations and results 


1. Nitrogen dioxide and nitrite ton 


The elements of the symmetry-factored G- and F-matrices, common to both 
nitrogen dioxide and nitrite ion, are given in Table 1. The geometry of the 
nitrogen dioxide molecule was taken as r(NO) = 1-197A and <ONO c= 
134°15’ from the microwave work by Brrp [8]. The corresponding parameters for 
the nitrite ion were taken, respectively, as 1-236 A and 115-4°. The latter results 
were reported by CARPENTER for the ion in sodium nitrite crystal [9]. 


S. Mizusurma and T. Sumanovucnti, Infrared Absorption and Raman Effect. Kyoritsu Publishing 
Company, Tokyo (1958). 
T. Surmanovucni, J. Chem. Phys. 17, 245 (1949). 
D. E. Many, L. Fano, J. H. Meat and T. Surmmanovcnat, J. Chem. Phys. 27, 51 (1957). 
E. B. Wiison, Jr., J. C. Decrvs and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York 
(1955). 
S. Mizvusuima. Structure of Molecules and Internal Rotation. Academic Press, New York (1954). 
D. E. Many, T. Surmanovcnt, J. H. Meat and L. Fano, J. Chem. Phys. 27, 43 (1957). 
| G. R. Bren, J. Chem. Phys. 25, 1040 (1956). 
G. B. Carpenter, Acta Cryst. 8, 852 (1955). 
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Table 1. Elements of symmetry-factored G- and F-matrices 


(2))/2u sin (2)/28 


+ 
Cr — 


+ cos a) H 
Mo ps(l cos a) K i 272 


ilo inverse OXYgen Mass; (My inverse nitrogen mass; « valence angle; « sim (a/2); ¢ cos (a/2). 

The fundamental frequencies for the nitrite ion are from the Raman spectrum 
of the ion in aqueous solution reported by LaNesretH and Wat.es [10]. The 
frequencies of the isotopic nitrogen dioxides are those reported recently by 
ARAKAWA and NIELsEN [11]. The observed frequencies were used for the latter 
species rather than the harmonic values reported by these authors since more 
realistic comparisons can then be made with other nitrogen oxides for which 
harmonic frequencies are normally not known. All of these frequencies are listed 
in Table 2. 


Table 2. Urey—Bradley force constants for NO,~ and NO,* 


PNO, 


+ 
Vobs+ 


8-46 1318 1316-09 1306 1307-83 
0-0358 813-: = 0-395 749-8 752-62 740-15 739-75 
5-14 y = 3-03 1617-75 1615-64 1580-32 1580-00 
—O-1F —O-1F 


* Force constants in mdyn/A and frequencies in em~*, r(NO) used for scaling bond length in bending 
constant. 

+ Lancseta and WALLEs [10]. 

* ARAKAWA and NIELSEN {11}. 


The Urey—Bradley force constants for the nitrite ion were calculated directly 
from the observed Raman frequencies, and they are listed in Table 2. In the 
nitrogen dioxide molecule, the three independent force constants were adjusted by 
a least-squares method used by MANN et al. [7], such that the calculated frequencies 
gave the best fit of all six frequencies of the isotopic molecules. These adjusted 
force constants are also given in Table 2. 


2. Dinitrogen tetroxide 

The elements of the symmetry-factored G- and F-matrices were taken directly 
from the general equations given by MANN et al. [7] for ethylene-like molecules. 
However, only the planar vibrational modes were considered here. The geometry 
of the molecule was taken to be planar, as reported by Smita and HepBeERe [12], 
with R(NN) = 1-750 A, r(NO) =1-180A and <ONO = 133-7°. For the 
[10) A. Lanesetu and Z. physik. Chem. B 27, 209 (1934). 


11} E. T. Anakawa and A. H. Nrevsen, J. Mol. Spectrosc. 2, 413 (1958). 
(12) D. W. Smrrn and K. Heppere, J. Chem. Phys. 25, 1282 (1956). 
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observed frequencies, the Raman-active modes are from our work [13] in the liquid 
phase while the infrared fundamentals are from our earlier paper [14] on gaseous 
N,O,. These frequencies are listed in Table 4. 

Initially, attempts were made to solve rigorously for the force constants K yo, 
K xx, Hoo, Ayo, Foo and Fyo, where these constants are associated, respectively, 
with the NO bond stretching, the NN bond stretching, the nitro-group deformation, 
the ONN angle bending, the interaction between the non-bonded oxygen atoms 
in a nitro group, and the interaction between the non-bonded oxygen and nitrogen 
atoms. The scaling bond lengths for the bending constants H5,. and Hy. were 
taken, respectively, as r and (rR)'. However, these calculations were not very 
successful and only poor results were obtained. An additional constant C was 
therefore introduced to account for the interaction between the oxygen atom in 
one nitro group with that in the other nitro group, but now the computation 
became exceedingly cumbersome to accomplish on a desk calculator. In the 
meantime, an 1BM 650 digital computer had become available to us, so that all 
subsequent calculations were made with this computer. 

Our program consisted essentially of sub-routines for the solution of the secular 
determinant and for the least-squares correction of the calculated force constants. 
WILKINSON’s method [15] was used for the solution of eigenvalues and eigenvectors, 
and the Jacobian matrix method of MANN et al. [7] was employed for the correction 
of the force constants. The numerical symmetry-factored G-matrix, the symmetry- 
factored F-matrix elements in the form of linear equations with numerical 
coefficients and unknown force constants, the observed frequencies, and a set of 
trial force constants were fed into the computer as input data. 

The computer first calculated the eigenvalues in each symmetry block with 
trial force constants and then proceeded to evaluate the elements of the Jacobian 
matrix by varying each force constant by 0-01 mdyn/A and determining the 
changes in each frequency. With this Jacobian matrix the initial set of force 
constants was corrected five times. A new set of eigenvalues was then calculated 
with these improved force constants and the Jacobian matrix redetermined. 
Corrections were made again on the improved set of force constants as before. 
These cyclic correction processes were carried out using a total of from three to four 
different Jacobian matrices. If a proper choice of the initial set of trial force 
constants had been made, we observed that the constants converged to the final 
improved set with the second or third Jacobian matrix. 

In the least-squares method given by MANN et al. [7], the variance in a frequency 
was given the weight factor (i.e. the elements of the W matrix) of the square of the 
inverse of the frequency. However, in N,O, this choice of weight gave relatively 
large percentage errors for the high frequencies. The inverse of the observed 
frequencies, rather than the squares of these quantities, was found to give a more 
reasonable distribution of percentage errors over both the high and low 
frequencies. Our final computations were therefore made using these inverse 
frequency weights. 


[13] I. C. Hisarsune and R. V. Firzstmmons, Spectrochim. Acta 15, 206 (1959). 
[14] R. G. Snyper and I. C. Hisatrsune, J. Mol. Spectrosc. 1, 139 (1957). 
[15] J. H. Witxixson, Proc. Cambridge Phil. Soc. 50, 536 (1954). 
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Four sets of trial force constants were chosen and they are given in Table 3. 
Sets I. II and III were estimated on the basis of approximate calculations made 
with a desk calculator. Set IV was obtained by one of us (8. C.) using a Remington 


1103 computer at the University of Minnesota with an entirely different program 
and least-squares correction process. The first set of constants proved to be a poor 


Table 3. Initial and final sets of N,O, Urey Bradley force constants (mdyn A) 


Set Kyo Ky» Ho F xo Foo F xo C 


(Initial 9-5 10 0 0 24) 0-1 


Final no convergence 
{Initial 9-13 1-02 0-29 0-67 1-89 0-04 0 
Final 9-060 0-1754 0-5203 2.308 00-1259 00-2989 
Initial 10 0-4 20 0 0 
Final 9-059 O-7748 0-1759 O-5187 2-310 O-1191 0.2960 
. Initial 9-14 0-89 0-48 O47 1-40 0-13 ()-28 
IN Final 9-060 00-7762 2-308 00-2960 


Table 4. Calculated and observed planar-mode frequencies in NO, (em 1) 


MW 


Svmmetry 


1380 1330 3-62 1360 1318 
A, ve soo S14 0-62 797 S01 0-50 
lv 265 266 0-38 264 264 0 
("5 1712 1794 1-79 1672 1750 1-66 
Bio ‘71 2-08 478 468 2-09 
Bs, 748 1679 3-95 L707 1642 3-81 
Vio 382 0-78 377 381 1-06 
Bs, 1261 1298 2-93 1251 1288 2-96 


750 748 0-27 739 736 0-41 


* Raman and infrared frequencies trom liquid and gaseous phases, respec tively. See text. 


+ Frequencies from same phases as in footnote below | 16}. 
j 


choice and no improvement resulted. The remaining trial sets, however, converged 
to those listed in Table 3. In set II only three Jacobian matrices were used while 
in sets III and IV four were employed. With the final set IV the frequencies of 


15N,0, were calculated and these are listed in Table 4. The observed frequencies 
for this isotopic molecule are due to Brecun and FLeTcHer {16}. 


Discussion 
Calculations on the nitrite ion and the nitrogen dioxide do not lead to unique 


sets of force constants, but two possible sets are obtained in each case. One of the 
sets in NO, may be discarded immediately since K and H have unreasonable values 


16) G. M. Broun and W. H. Fiercner, Symposium on Molecular Structure and Spectroscopy, Columbus, 
Ohio, June. 1050 
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of 6-48 and 8-16 mdyn/A, respectively. However, for the nitrite ion the discarded 
set of force constants consisted of K = 5-53, H = 2-38 and F = 0-486 mdyn/A. 
While the value for the constant H appears somewhat too large compared to those 
obtained in other molecules {2}, there seems to be no a priori reason why this set 
should not be accepted. The normal co-ordinates calculated from these sets, 
however, were quite different as shown below. 
0-455 10-US, + 0-0876 10-'S, 
From adopted set: . 
\Q, = 0-0789 x 10-MS, + 0-243 x 10-118, 
0-177 x 10-US, — 0-158 x 10-8, 
From discarded set: 
\Q, = 0-427 10-MS, + 0-204 x 10-118, 

Here, S, and S, are symmetry co-ordinates representing the symmetric stretching 
and bending modes. Clearly, the normal co-ordinates arising from the discarded 
set of force constants are less reasonable than those from the constants listed in 
Table 2. 

From the nitrogen dioxide molecule, there are sufficient isotopic frequencies to 


evaluate all four force constants instead of assuming the relationship F’ O-LF. 
If the four constants are evaluated using four of the known frequencies, one obtains 
K 8-52, H 0-204, F 2-92 and F’ 0-532. Both AK and F are still 


similar to those listed in Table 2, but H and Ff” differ by almost a factor of 2. 
However, this set of constants does not give significant improvement in the 
agreement between the calculated and the observed frequencies. Furthermore, 
the normal co-ordinates calculated from this set are found to be similar to those 
obtained from the set of constants listed in Table 2. The latter constants lead to 
the following normal co-ordinates: @, = 0-462 + 0-0231 «x 10-'S, 
and = 0-156 « 10-™S, + 0-232 x 

The Raman frequencies of }®°NO,~ in the aqueous solution are not available, 
but the infrared frequencies of this ion have been reported by Weston and 
Bropasky [17]. If the reported infrared frequencies (14N frequencies and r, of °N) 
of the ion in sodium nitrite mull are used to evaluate the complete set of force 


constants, one obtains K = 6-31, H = 0-512, F = 1-91 and F’ = —1-09 mdyn/A. 
These constants differ considerably from those listed in Table 2 for this ion. In 
this case the normal co-ordinates are Q, = 0-318 « 10-'4S, — 0-0745 « 10-'S, 


and Q, = 0-334 « 10-'™S, + 0-247 « 10-™S,. Although @, shows extensive 
mixing of the stretching and bending modes, the present set of force constants 
appears to be more reasonable when it is compared to that in NO,. A large negative 
value of the repulsive constant F’ obtained here also suggests that the assumption 
of F’ —0-1F may not be valid for the nitrite ion. It is interesting to note that 
this relationship is not followed even in the complete set of force constants for NO. 

The divergence of the least-squares correction process with the NO, force 
constants of set (I) is understandable since many of the elements of the Jacobian 
matrix associated with the constants Hj, and Hy,» are larger by an order of 
magnitude than others. Hence, a small change in these constants causes a large 
difference in the calculated frequencies. For this reason, the choice of zeros for 


[17] R. E. Weston, Jr. and T. F. Bropasxy, J. Chem. Phys. 27, 683 (1957). 
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these two constants was inappropriate. However, in view of the essential agree- 
ment among the convergent sets listed in Table 3, one may conclude that the 
calculated force constants obtained here have precisions of 0-01 mdyn/A or better. 
In spite of this precision, the agreement between the calculated and the observed 
frequencies is not very pleasing. The percentage deviations found here are much 
larger than those obtained with a valence force field [18]. With the latter potential 
field involving nine force constants, these deviations were found to be about | per 
cent or less for eighteen isotopic frequencies. 

The fact that liquid-phase Raman frequencies and gas-phase infrared 
frequencies had been used in this calculation may account for some of this 
disagreement, but the dielectric shifts in frequencies observed in these nitrogen 
oxides are not large enough to attribute all of these errors to this source. Moreover, 
these discrepancies cannot be due to any inherent deficiencies in the computational 
program or to the choice of weight factors used in the calculation. If the variances 
in frequencies are given equal weights instead of inverse frequency weights, the 
calculated results are worse than those listed in Table 4. On the other hand our 
program for the least-squares correction process has been tested by using the 
calculated frequencies from the constants in final set (IV) in place of the observed 
frequencies and following the convergence process. In this test with the initial 
trial set (IV). both the eigenvalues and force constants converged exactly to the 
expected values. 

A possible clue to the source of these large deviations may lie in the fact that 
these deviations are the greatest in those frequencies involving the NO bond 
stretching vibrations. Particularly in the antisymmetric stretching modes of B,, 
and B,,, and to a lesser extent in the symmetric stretching modes of A,,* and B,,, 
symmetry classes, the percentage errors are quite large compared to those in other 
vibrational modes. It thus appears that the Urey—Bradley force field employed 
here may not account fully for the changes in potential energy during these 
stretching vibrations. Such a conclusion is plausible when one considers the 
antisymmetric NO bond stretching in the nitro group. As one NO bond contracts 
and the other elongates, one would expect the force constants for the two bonds to 
be entirely different due to resonance stabilization of the double-bond form of the 
nitro group. Hence one expects that improved results should be obtained if a force 
constant were introduced to account for this type of interaction. Indeed, we do 
get a significant improvement in the calculated results by including such a term, 
although the force field now can no longer be considered the usual Urey—Bradley 
type. The failure of this force field to account completely for the potential energy 
of a molecule is by no means unusual. For example, Sarmmanovcut [19] has found 
it necessary to include in the potential energy expression for ethylene a term for 
the flexibility of the carbon-carbon double bond. 

In spite of this apparent limitation of this force field for N,O,, it is nevertheless 


* The deviation in the caleulated value for 1380 em-! may be reduced if it were possible to correct 
this observed frequency for the perturbation due to Fermi resonance of this mode with the first overtone 
of the Raman active B,, mode See reference |13). 

[18) I. C. Hisatsune, Proceedings of the International Meeting on Molecular Spectroscopy, Bologna, Italy 
September, 1959. Pergamon Press, London. In press. 
19) T. Surmanovcnt, J. Chem. Phys. 26, 594 (1957). 
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reasonable to conclude that the present results substantiate the assignment of the 
fundamental absorption bands. Moreover, the normal co-ordinates resulting from 
set (IV) constants for the symmetry classes B,, and B,, are surprisingly similar to 
those obtained for these classes using the valence force field [18]. As was found in 
the latter calculations, there is considerable mixing of the stretching and the in- 
plane wagging motions in these normal modes as shown below. 


- 0-260 10-'S, — 0-0312 x 10 
= 0°382 3; + 0-279 x 10-'S, 


0-299 — 0-00855 


0-142 18, + 0-487 x 10-18, 
In the above, S; and S, are associated with the antisymmetric NO stretching in the 
nitro groups, and S, and S,, with in-plane wagging of the nitro groups [7]. Although 
the symmetry co-ordinates are not the same as those used in the valence-force 
field calculation [18], the above normal co-ordinates may be compared to those 
resulting from the latter force field. 
0-295 x S. 0-00470 « 107148,’ 
356 10 Ss 0-265 10 S¢ 


“304 10-US,’ + 0-00955 


O-131 10-148,’ +. 0-464 10 


The extensive mixing of the stretching and wagging modes in the co-ordinate Q, 
suggests that the constants Fy, and C are relatively important and that con- 
siderable rehybridization of the bonding orbitals in the nitro groups must occur in 
this wagging mode. 

The force constant /’y, itself is peculiar in N,O,. In the oxalate ion [20] and in 
perhalogenated ethylenes [4], the corresponding constants are all positive. Even 
for B,Cl, in which one expects this constant to be quite significant, a positive 
F yc, of 0-68 mdyn/A is reported [21]. However, the negative Fy, in N,O, is not 
inconsistent with the view that the nitrogen and the oxygen atoms in this molecule 
have opposite formal charges [22]. 

The variation in the NO bond stretching constants of the three nitrogen oxides 
considered here is in agreement with what one concludes from the molecular 
orbital arguments of WausH [23]. Since the odd electron in NO, occupies an 
antibonding molecular orbital, the addition of another electron to this level to 
form the nitrite ion will cause a marked weakening of the NO bond. On the other 
hand when NO, dimerizes, the antibonding character of this odd electron is lost, 
and the NO bond stretching force constant increases from 8-46 in NO, to 9-06 


[20] M. J. Scumerz, T. Mryazawa, 8. Mizusnima, T. J. Lane and J. V. QuAGLIANO, Spectrochim. Acta 
9, 51 (1957). 
D. E. Mann and L, Fano, J. Chem. Phys. 26, 1665 (1957). 
L. Pautine, The Nature of the Chemical Bond p. 271. Cornell University Press, Ithaca (1948). 
A. D. Watsu, J. Chem. Soc. 2266 (1953). 
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mdyn/A in N,O,. The strength of the NO bond in R—NO, type molecules, of 
course, should depend on the electronegativity of the R-group. If R is a fluorine 
atom, for example, Ky. becomes as large as 9-95 mdyn/A [24]. 


The force constant for the repulsion between the oxygen atoms in the nitro 
group, i.e. Foo’, also depends on the electronegativity of the radical to which the 
nitro group is attached. The basis for this conclusion is apparent from the 
difference in F,,' in the nitrite ion (—1-09) and the NO, (—0-532). The large 
repulsive constant in NO, and an even larger one in NO,~ suggest that the odd 
electron in NO, must be delocalized and must account for most of this repulsion. 
Thus, in spite of the similarity in the structure of the nitro group in N,O, to NO, 
itself, the Fo,’ in N,O, of —0-231 is less than that in NO,. In FNO, the corres- 
ponding constant is even less [24]. 

From the arguments presented above, it will now be possible to narrow the 
ranges of values certain force constants can have in other nitrogen oxides such as 
N,O, and N,O,;. Using such predicted values of these constants, one may then 
calculate the frequencies and compare them with the observed spectra. Such 
comparison will undoubtedly be helpful in the assignment of the spectra. These 
calculations are now in progress for N,O, and are also planned for N,O;. 


Acknowledgement—Dr. T. S. Parker, Director of the IBM Computer Center, Kansas State 
University, has assisted us in programming our IBM 650 for this problem. We thank him 
sincerely for his indispensable contribution to that phase of our research. 
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The infrared spectra of deuterated tetrahydrofurans* 
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Abstract—The infrared spectra of a series of deuterated tetrahydrofurans have been studied 
in the gaseous, liquid and solid states in the region between 3200 and 350 cm™. An attempt has 
been made to assign the observed absorption bands to the normal modes of vibration, taking 
advantage of isotopic shifts and effects due to phase changes. The spectra of the liquid 
compounds show the usual displacements compared with those of the vapors; the solid-state 
spectra are intensified and reveal a sharpening and splitting of the absorption bands. A number 
of peaks in the region between 1400 and 700 cm! possess appreciable fine structure in the 
crystalline state. 


Introduction 


AmoneG the five-membered cyclic compounds, the fundamental vibrations of 
cyclopentane have been studied in most detail [1-4]. Spectroscopic studies of 
tetrahydrofuran (THF) in the liquid phase have been concerned with the Raman 
effect [5, 6] with the exception of those by TscHAMLER and VorTTER [7] who also 
investigated the infrared spectra. In the most recent absorption studies the salient 
features associated with the oxygen heterocyclic compound have been discussed 
[8, 9]. The infrared spectra of THF, the completely deuterated analog THF-d.,, and 
the tetradeuterated compounds THF-2:2:5:5-d,; THF-3:3:4:4-d,; and THF- 
2:3:4:5-d, have been examined in the present research. The description 2:2:5:5-d, 
denotes a tetradeuterofuran in which the «-hydrogen atoms have been replaced by 
deuterium atoms. The molecule THF-2:3:4:5:d, is deuterated at both the «- and 
f-carbon atoms. Although a complete assignment of the observed vibrational 
bands cannot be carried out readily without a normal co-ordinate treatment, due 
to the strong interaction between the skeletal and the CH, group vibrations, the 
major components have been identified. 


Experimental 
The infrared spectra were obtained by means of a Perkin-Elmer model 21 
double-beam spectrometer equipped with NaCl and CsBr prism interchange units. 
Stray radiation was reduced in the CsBr region with a roughened CaF, reflection 
filter mounted in place of the plane mirror in back of the exit slit of the instrument. 
A standard 10-cm Pyrex gas cell was provided with a vertical side arm, serving 


* This work was performed under the auspices of the U.S. Atomic Energy Commission. 


J. E. Krvparrick, K. 8. Prrzer and R. Sprirzer, J. Am. Chem. Soc. 69, 2483 (1947). 
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K. W. F. Kontrauscn and A. W. Reitz, Z. physik. Chem. B 45, 249 (1940). 

H. Luruer, F. Lamrr, J. Gousgeau and W. Ropewa.p, Z. Naturforsch. 5, 34 (1950). 

H. TscHaMier and H. Voretrrer, Monatsh. Chem. 83, 302 (1952). 

G. M. Barrow and 8. Searves, J. Am. Chem. Soc. 75, 1175 (1953). 
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as a liquid-sample reservoir. This was immersed in a small Dewar in order to vary 
the vapor pressure as required by the intensity of the absorption bands. For the 


liquid spectra, specially designed 0-1- and 0-5-mm sealed cells of the type described 
by Brugecet [10] were employed. They offer the advantages inherent in both sealed 
and demountable cells. The solid samples were examined as thin films in a 
modified low-temperature transmission cell [11] using liquid nitrogen as refrigerant; 
a brass frame served as structural support and for reproducible alignment and 
attachment to the spectrometer. The gas was transferred to the cell and allowed 
to condense on to a salt disk. This operation was performed quickly to prevent 
diffusion of the vapor on to the cold upper portion of the cell. The sample holder 
was slightly rotated towards the spigot to assure an even deposition of the crystal- 
line films. This technique resulted in slight scattering below 1800cm~!. The 
probable accuracy of the spectral data is estimated to be about +2cm~' below 
1000 em=!, and +5 em~! and +10cem~! in the 2000 em~! and 3000 cm! regions, 
respectively. 

The infrared spectra of the compounds in the vapor states are reproduced in 
Fig. 1. The indicated percentage transmission represents merely a qualitative 
relation within a given spectrum; sample pressures varied between 20 and 160 mm 
Hg as indicated. The vapor spectrum of THF has not been studied before, but the 
liquid and solution spectra have been reported previously [7-9]. The weak bands 
that appear in the CH stretching region of the completely deuterated THF are due 
to an estimated 10 per cent impurity of monodeuterated THF. 

The liquid-state spectra of THF and of its deuterated analogs are not repro- 
duced, since only minor differences have been observed between the vapor and the 
liquid states. In contrast, prominent changes occur in the solid, as illustrated in 
Fig. 2. The investigations of the CsBr region of the liquid-state spectra have been 
limited to the range 650-350 cm~'. The preparation of THF and its deuterated 
analogs has been described elsewhere [12]. 


Results and interpretation 
Tetrahydrofuran may be represented as shown; only the 2:3:4:5-tetra- 
deuterated molecule can exhibit cis-trans isomerism. One hydrogen atom on each 
of the four carbon atoms is replaced by a deuterium atom. A total of six isomers is 
possible, but the method of preparation renders the three depicted here most 
probable: 


For our purpose of analysis, a planar skeletal configuration is assumed since 
the distortion from planarity is slight [7]. Therefore THF, along with THF- 
2:2:5:5-d, and THF-3:3:4:4-d,, assumes a C,, symmetry for which the selection 


2e 


W. Binfuehrung in die Ultrarotepektroskopie p. 181. Steinkopff, Darmstadt (1957). 
11! E. L. Waewrer and D. F. Horwnie, J. Chem. Phys. 18, 296 (1950). 
12) E. R. Bisset and M. Foseer, J. Org. Chem. 26, 1256 (1959). 
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Fig. 1. Infrared absorption spectra of tetrahydrofuran and deuterated tetrahydrofurans 
in the vapor state. (1) THF; (2) THF-d,; (3) THF-2:2:5:5-d,; (4) THF -3:3:4:4-d,; 
and (5) THF -2:3:4:5-d,. 
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Fig. 2. Infrared absorption spectra of tetrahydrofuran and deuterated tetrahydrofurans 
in the solid state as thin films. (1) THF; (2) THF-d,; (3) THF-2:2:5:5-d,; (4) THF- 
3:3 4:4-d,; and (5) THF-2:3:4:5 d,. 
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The infrared spectra of deuterated tetrahydrofurans 


rules are summarized in Table 1. The most probable configuration of the 2:3:4:5- 
analog is that of the C, point group, although the symmetry groups C, or C, are 
not excluded. 


Table 1. 


of tetrahydrofuran, based on a planar configuration 


Symmetry species and internal co-ordinates 


. 10a, + 7a, + 9b, + Th, 
Dring fa, la, 3b, lb, 
lon, = 6a, + 6a, + 6b, + 6b, 
Va, 2CH stretch 2CH, bend 2CH, wag 
l'a, 2CH stretch +- 2CH, twist 2CH, rock 
ly, = 2CH stretch + 2CH, bend + 2CH, wag 
I's, 2CH stretch 2CH, twist 2CH, rock 


The wave-numbers of the band centers of the five molecules examined are 
listed in Table 2. The slight variation among the isotopic species in the region of 
the CH stretching vibrations may be due to the fact that in the case of the 
THF-3:3:4:4-d, molecule the CH vibrations involve the f-carbon atoms, while in 
the THF-2:2:5:5-d, they are associated with the z-carbon atoms which are adjacent 
to the C—O group. The /-C—-H bonds should be less affected by this group, but 
the difference in wave numbers may not be significant as it is within the order of 
magnitude of the experimental error. The isotopic shifts of the CH stretching 
(2976 and 2964 cm~') and CH, bending (1458 em~') modes are most prominent, 
whereas the absorption maxima ascribed to the skeletal modes (1177, 1076 and 


912 cm~') are displaced to a lesser extent. 
Fig. 3 presents a comparison between the spectra of the deuterated tetrahydro- 


furans in the vapor state and those in the liquid and solid states. The small 
frequency shifts accompanying this phase change are to be expected for nonpolar 
or slightly polar bonds. As may be seen from Figs. 1 and 2, the solid-state spectra 
exhibit more intense absorption peaks than the spectra of the vapors. This is a 
recognized phenomenon and has been the subject of a recent review [13]. It is 
particularly striking in the region of the combination bands which, though rather 
faint in the vapor- and liquid-phase spectra, become more pronounced in the 


spectra of the solids. 

In Table 3 the Raman [7] and infrared spectra of liquid THF and of its 
deuterated analog are compared with the infrared spectra of the solid compounds. 
The approximate assignments listed in the last column have been deduced on the 
basis of isotopic displacements and effects accompanying the transition from the 
gas to the solid phase. They are in essential agreement with those suggested by 
TSCHAMLER and VOETTER [7]. 

The CH stretching and CH, bending modes can be identified with reasonable 
certainty. Both types of vibrations exhibit isotopic shifts tallying closely with the 
theoretical values. The distinctions between the CH, wagging, twist and rocking 
modes are more difficult to delineate because they are less localized and cannot 
always be described in a simple manner. These CH, vibrations also undergo 
isotopic shifts upon deuterium substitution, but their relative amounts may not be 


(13) C, A, COULSON, Spectrochim. Acta 14, 183 (1958). 


463 


q 
4 
7 
| 
on 
= 
: 
{ 


A. Pato and E. R. BissELL 


2600 2200 1800 1500 1300 1100 900 700cm" 


|_| 


la 


3000 2600 2200 1800 i500 1300 1100 900 700 cm! 


Fig. 3. Comparative absorption peaks of tetrahydrofuran and deuterated tetrahydrofurans 
in the gas, liquid and solid states. The heights of the lines indicate relative intensities. 
(1) THF; (2) THF-d,; (3) THF-2:2:5:5-d,; (4) THF-3:3:4:4-d,; and (5) THF-2:3:4:5-d,. 


a gas, b liquid, ¢ solid state. 


of the same order of magnitude. The C—C as well as the C—O vibrations are not 
expected to show appreciable isotopic displacements and can therefore be assigned 
on the basis of their spectral invariance. A comparison with the spectral data of 
cyclopentane and its deuterated analog [2] confirms this interpretation. In the 
spectrum of gaseous THF, the bands at 1366 and 1238 cm~ show a distinct 
PQR-structure, while the peak identified with the symmetric skeletal stretching 
mode appears to have a rotational contour also. 
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Table 2. Infrared spectra of deuterated tetrahydrofurans in the 
vapor state between 3000 and 650 em= 


THF THF-d, THF -2:2:5:5-d, THF-3:3:4:4-d, THF -2:3:4:5-d, 


{2976 vs* 2962 vs 2977 vs 2962 vs 


12964 vs 
2847 vs 2881 vs 2855 vs 2869 vs 
2679 m 2674 m 2689 w 


22368 


2198 
2094 vs 2103 vs 2142s 2143 vs 

2001 m 1975 w 2013 w 

1458 s 1469 s 60 wv 1460 w 


1366 m 


1299 


1238 s 1244 0 1239 m (1257 m 
1177s 1156 vs 1192 wysh L185 wysh 
1106 vs ll44s 1135 s.sh 

1076 vs 1091 vs 1083 vs 1070 vs 

1058 vs 1045 vs 968 m 

037 vs (926 vs 

912s 916 ve 


905 


874m {865 m 
S21 w SI7s 1846 m 
731 w 755 735 


724 


654 vs 600 vst 639 vs 669 vs 
474 w 494 w 
400 8 424 w 400 8 
389 8 388 8 


* The estimated intensities are given by w, weak, m, medium, s, strong, vs, verv strong. sh. shoulder 


and bd, broad. 
+ Liquid-state absorption bands below 650 em-. 


Splitting of absorption maxima observed in the solid-state spectrum is particu- 
larly prominent in the case of the bands associated with the skeletal vibrations. 


The frequency displacements compared with the gas-phase spectra are the usual 
ones; the bands ascribed to the CH stretching modes show a distinct red shift, in 
contrast to those of the CH, bending vibrations which undergo a slight blue shift. 
The displacements of the remaining vibrations are less pronounced in magnitude 
as well as direction. Most noteworthy is the fact that the a,-type vibrations of the 
isolated molecules, forbidden in the infrared spectrum but permitted in the Raman 
effect, appear in the absorption spectrum of the solid. Although X-ray studies of 
THF have not been reported in the literature, it is expected that there will be more 
than one molecule per unit cell so that the site symmetry will be lower than that of 
the free molecule. As a result, in the crystalline state, the a, vibrations will be 
active in the infrared as well as in the Raman spectrum. The bands at 2938 and 
964 cm~! may then be ascribed unequivocally to a, vibrations. The assignment of 
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Table 3. Raman and infrared spectral data and probable assignments 


Solid* 


1) Probable 


assignments 


THF THF THF-d THF rHF-d, 


2975 2977 vs 2226 vs 2947 vs 2236 w,sh CX stretch (a) 
2938 2924 vs 2202s CX stretch (a) 
2865 2861 vs 2133 s.sh 2849 vs 21478 CX stretch (s) 
2llls 
2717 2680 m 2003 vs 2694 m 20858 > 
1972 n ISS4 w 1935 w m 
ISSO w 1795 w > 
723 w 
1486 (1487 m 1155 m CX, bend 
1452 1461s 1099 vs 1466 m 1100 vs CX, bend 
1441s 1080 m CX, bend 
1421 w.sh 1136 w 


99S m CX, wag 


OSS 1 wag 
962 

Wag 
suv wag 
1174 Ll77s 1162 vs 1179 vs 1171 m ring stretch (a) 
927 w 


1104 twist 


1071 1067 vs 1051 vs 1058 vs 1035 m,bd ring stretch (a) 


1028 1030 m.sh 749m 1043 va 758 8 CX, rock 


980 


Q64 054s 7048 CX, rock 
(921s S328 
913 G08 vs $42 m G08 s S10 w ring stretch 
iS9ls 7458 
SSS vs 
725 w 
651 654 s 662 CH, rock 
596 ring i-p bend 
276 ring o-p bend 


ring o-p bend 


heid at about 180 ©, 


Aside I the abbreviations which are self-explanatory, (a) and (s) refer to intisymmetric and 
metr reapectively; i-p and o-p denote in-plane and out-of-plane; S indicates a combination band 


the 1104cm-! band is probably correct in spite of its weak absorption in the 


infrared spectrum. The band at 1486 cm~' cannot be identified unambiguously; 


although it follows the pattern of the a, vibrations, it should be assigned preferably 


to a CH, bending mode. 
\ parallel analysis cannot be carried out as readily for the deuterated molecule 
THF-d, since its Raman spectrum is not available, but the observed isotopic 


displacements make a partial assignment possible. 
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An intra-molecular interaction between the NH and phenyl groups 
in N-methylphenylacetamide 


Isao Suzuki, Masamicur Tsvupor and TAKEHIKO SHIMANOUCHI 
Chemical Laboratory, Faculty of Science, Tokyo University 


(Received 7 January 1960) 


Abstract--N-Methylphenylacetamide shows two free NH bands at 3452-3 and 3471-8 em™ in 
its dilute carbon tetrachloride solutions. Evidence is given suggesting that these two bands 
correspond to two molecular forms with the trans-peptide skeleton—one with an intramolecular 
interaction between the NH and phenyl groups and the other without this interaction. 


Russevyi and THompson [1] found that many N-monosubstituted amides give rise 
to two bands in the region of the free NH stretching vibration near 3450 cm-}. 
They interpreted this fact as probably indicating the presence of cis- and trans- 
forms: 


O H 


of the peptide skeleton. This interpretation has been supported by our recent 
infra-red and dielectric measurements for four anilides: formanilide, acetanilide, 
thioformanilide and thioacetanilide {2}. 

For N-methylphenylacetamide, however, the occurrence of two free NH bands is 
found to be interpreted on another basis. Fig. 1 shows the result of our near-infra- 
red absorption measurement of N-methylphenylacetamide in its carbon tetra- 
chloride solutions of various concentrations. In the light of our criteria [2, 3], the 
molecules should be all in the trans-form with respect to the peptide skeleton. Thus 
the NH association band is in the region of 3300-3360 cm~', it is shifted towards 
higher frequency as the concentration of the solution is lowered, and it almost 
disappears at the dilution of 0-005 mole/l. These are the characteristics of the NH 
association band of the monosubstituted amide in the trans-form; and there is no 
NH association band observed which is characteristic of the cis-form. Nevertheless, 


[1) R. A. Russevi. and H. W. Tuomeson, Spectrochim. Acta 8, 138 (1956). 

I. Suzuki, M. Tsusor, T. and 8S. Mizusura, Spectrochim. Acta 16, 471 (1960). 

S. Mizusuima, T. 8S. Nagakura, K. Kuratant, M. Tsusor, H. Basa and O. 
J. Am. Chem. Soc. 72, 3490 (1950); M. Tsupot1, Bull. Chem. Soc. Japan 22, 215, 255 (1949). 
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the solutions in question show two free NH bands at 3471-5 and 3452-3 em~'. These 


may be interpreted as due to two forms: 


(11) 


in both of which the peptide skeleton takes the trans-form. In the form (1), the NH 
group should be completely free in the monomeric state, while, in the form (II), the 


Fig l Infra red absorptions of N- ethylphenylacet unide in its carbon tetrachloride 
solutions. (a) 0-1 mole/l. (b 0-05 mole/l. (c) 0-01 mole/l. (d) 0-005 0-O0OL mole/1L. 


NH group may interact with the z electrons on the phenyl group. This interaction 
may be a type of weak hydrogen bonding and may cause a slight lowering of the 
NH stretching frequency.* Therefore, the NH band with higher frequency may be 
assigned to the NH group of the form (1), and that w ith lower frequency to the NH 
group of the form | Il). 

A support of this interpretation has been obtained by the observation of the 
free NH bands of a few related compounds, listed in Table 1, in their dilute carbon 
tetrachloride solutions. Thus, when the 7z-electron density in the benzene ring is 
elevated by the introduction of the methoxy group on it, the NH band with lower 
frequency is shifted towards stil] lower frequency and increases its relative 
intensity. On the other hand, when the z-electron density in the benzene ring is 
lowered by the introduction of the nitro group on it, the NH band with lower 
frequency is shifted towards higher frequency and decreases its relative intensity. 
These are just what are expected on the basis of the above assignments of the two 
free NH bands. Further, when the phenyl! group is substituted by the cyclohexyl 


* Similar interaction has been found between the N methylacetamide and benzene molecules [4]. 
4) L. M. Tsvpor, T. and 8. Mizvsuima, J. Chem. Phys. 31, 1437 (1959). 
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group the NH band with lower frequency disappears (see Fig. 2). Finally, the 
introduction of one —CH,— group between the —-CH,— and phenyl! groups of 
N-methylphenylacetamide causes also the disappearance of the NH band with 
lower frequency. 


Table 1. Positions and intensities of the free NH bands of several N-methylamides 
in their dilute (0-001 mole/l.) carbon tetrachloride solutions 


; Frequency (em 1) with the molar 
extinction coefficient in parentheses 


CH,CONHCH, 3471-8 (18) 3452-3 (120) 
CH,O—¢ CH,CONHCH, 3471-0 (20) 3449-5 (137) 


CH, CONHCH, 3468-0 (85) 3456-5 (46)* 
cyclo’ H,,CH,CONHCH, 3471-6 (131) 


4 3469-7 (121) 


* Since the solubility of N-methyl-p-nitrophenylacetamide in carbon tetrachloride is very low, the 
measurements were made at the concentration of 0-0005 mole/l. and with a 10-em quartz cell. 


Fig. 2. Infra-red absorptions of (a) N-methylphenylacetamide and (b) N-methyleyclohexyl- 
acetamide in their dilute (0-001 mole/l.) carbon tetrachloride solutions, 


Experimental 
N-Methylphenylacetamide. This was prepared by the reaction of phenylacetyl- 
chloride with methylamine (40°, aqueous solution) [5]. It was recrystallized from 
benzene containing petroleum ether; m.p. 56-5°C 


N-Methyl-p-methoxyphenylacetamide. By the reaction of p-hydroxy phenylacetic 


acid with dimethyl sulfate, p-methoxyphenylacetic acid was obtained [6]. This 


(51 M. H. Taverne, Rec. trav. chim. 16, 33 (1897). 
6) H. D. Darxry, J. Biol. Chem. 8, 22 (1910). 
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was converted to the N-methylamide by the treatment with thiony] chloride and 
then with an aqueous solution of methylamine. The amide was recry stallized from 
carbon tetrachloride; m.p. 92-5°C (Found: N, 7-65. Cale. for C,o>H,,NO,: N, 7°82). 
N-Methyl-p-nitrophen ylacetamide. By the reaction of p nitrophenylacetic acid 
with excess benzoyl! chloride, p eg nylacetyl chloride was prepared. This was 
converted to the N-methylamide by the treatment with an aqueous — of 
methylamine [7]. The amide was recrystallized from water; m.p. 15% 
N-Methyl-cyclohexylacetamide. This was prepared by the srwint hydro 
genation of N-methylphenylacetamide under a pressure of 70 atm (H,) at 


120 ~ 160°C for 4 hr (catalyst: T-4 Raney Nickel [8]). It was recrystallized from 
water; m.p. 93-5°C (Found: N, 9-24. Cale. for C,H ON: N, 9-03). 
Phenylpropionic acid was treated with 


excess thiony! chloride and then with an aqueous solution of methylamine [5]. The 
N-methylamide thus obtained was recrystallized from ether; m.p. 62°C. 
Infra-red absorption measurements were carried out by a Perkin-Elmer 112G 
spectrometer with a 75 lines/mm grating and a KBr fore prism. The grating is 
blazed at 12 mw, and its fourth order diffraction was used in the 3-u-region measure 
ments. The wavelength calibration for the spectrometer was made with known 
frequencies of 296 absorption lines reported in a previous paper (9). The effective 


slit width was about 2-0 cm. 


Acknowledgement—The writers wish to express their thanks to Mr. H. Iwamura for his kind 
help in the preparation of some of the compounds used in this investigation. 


7) K. J. P. Orron, J. Chem. Soc. 79, 1353 
S. Nisnrwcra, Bull. Chem. Soc. Japan 30, 61 (1959). 

S. Mizvsuma et al., A Report on the Perkin-Elmer Grating Spectrophotometer Model 112-G. The 
Perkin-Elmer Corp., Norwalk, Connecticut (1959 
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Abstract —Observation of near-infra-red absorption spectra and measurement of apparent 


dipole moments were made of formanilide, acetanilide, thioformanilide and thioacetanilide, 
dissolved in carbon tetra hloride at various concentrations. The res ilts showed that fi rmanilide 
and thioacetanilide exist in two forms—trans- and cis-forms, in the former of which the ¢ 0 
bond and the N—H bond are in the trans-position with respect to each other in the internal 


A ce- 


rotation about the Cc N AXIS, and in the latter the two bonds are in the cia pr sition 


tanilide was shown to exist mostly in the trans-form, while thioformanilide mostly in the 


cvs-form | he energy difference betwee n the trans- and cis-forms was determined for each of 


formanilide, thioformanilide and thioacetanilide, by observing the t mperature effect on the 


intensity ratio of the two free NH bands one due to the trans-form and the other due to the 


Ctw- form The obs rved re lative stabilitic 8 of the trans and cisé-torms ot these anilide Ss can be 


explained on the basis of the steric repulsion between the groups at both ends of the C——N bond 


in each anilide. 


Introduction 


THe CO—NH group could possibly take the frans- and cis-forms: 


and 


0 0 H 


but this group in N-methylacetamide, CH,CONHCH,, has been shown to take 
practically the trans-form in the gaseous, liquid and solid states and in aqueous 
solutions [1—4]. The X-ray investigations made on many molecules with the peptide 
group also show that this group takes only the trans-form [5]. From a study on the 
NH stretching vibrations, however, Russet. and THompson [6] presented an 
interpretation that the peptide structure of quite a few molecules takes both the 
trans- and cis-forms. JONES [7] concluded that the molecule of N-methy!/formamide 


is in the cis-form in the gaseous state rather than in the trans-form. It is. therefore. 
interesting to see if the molecules of compounds other than N-methylacetamide 


exist in the cis-form. In this paper, we discuss the molecular configurations of four 
related compounds, formanilide HCONHC,H,, acetanilide CH,CONC,H,, thiofor 
manilide HCSNHC,H, and thioacetanilide CH,CONHC,H, on the basis of the 
results of our near-infra-red and dielectric measurements of the carbon tetrachloride 


solutions of these compounds. 


S. T. 8S. NaGAkura, K. M. Tsvror, H. Basa and O. 
J. Am. Chem. Soc. 72, 3400 (1950 
2) M. Tsvpor, Bull, Chem. Soc. Jap 22, 215, 255 (1949 
31 T. Miyazawa, T. SarmManovent and 8S. Mizusuima, J. Chem. Phy 94, 408 (1058 
$) T. Mryazawa, T. and Mizusurma, J. Chem. P/ 29, G11 (1958 
RK. B. Corey and L. Pat va, Pro R SOF 141. 10 (1053 


6 R. A Ri SSELI and H W T LOMPSON, Spectrochim icta 8, 138 l 196 


\7 R. L. Jones. J. Mol. Spectroac. 2, 581 (1958). 
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Criteria for the trans- and cis-forms of the peptide bond 
Our previous studies [1, 2, 8] on N-methylacetamide, 5-valerolactam, and some 
of the other related compounds have led us to set up the following criteria for the 
trans- and cis-forms of monosubstituted amides. 
a) The free NH band of the trans-form appears usually at about 3440-3470 
em~! in dilute carbon tetrachloride solutions, and that of the cis-form at a frequency 


about 20-40 lower. 

b) The NH association band persists at much lower concentration for the cvs 
form than for the trans-form. At the concentration of about 0-005 mole/l. (in CCl,) 
the NH association band for the trans form is hardly observed, while those for the 
cis-forms are observed with great intensities. 

ce) One of the NH association bands of the trans form appears in the region of 


3980-3380 em~! in carbon tetrachloride solutions, while that of the cis-form in the 


region 100-150 em~! lower in frequency 

‘d) With lowering of the concentration in the carbon tetrachloride solution 
(or with rise of its temperature) the absorption maximum of one of the NH 
association bands of the trans-form shifts (mostly from 3300 to 3370 cm 1) while 
no such shift occurs in the absorption maximum of the corresponding band of the 
cis-form. 

(e) The apparent dipole moment of the molecule in the trans-form increases 
with increasing concentration of the carbon tetrachloride solution, while that in the 
cis-form decreases with increasing concentration 

As described previously [1, 2, 5}, the different behaviour of the NH association 
band and the apparent dipole moment, shown in (b)—(e) above, are all explained by 
assuming that the associated molecules of the trans-form are the linear polymers of 


various lengths: 


-H—N 


while the associated molecules of the cis-form make the ring dimer 


QO---H N 


N—H :: 


* Both trans- and cis-forms give two NH association bands, the former at about 3300 and 3080 em", 
and the latter at about 3200 and 3080 cm . These 3080 em bands are interpre ted as overtone or 
combination bands which borrow the intensities from the higher frequency bands through the Fermi 


resonance |% |}. 

[8] M. Tswnor, Nippon Kagaku Zasshi 76, 376, 380 (1956 

(9) M. Beer, H. B. Kessier and G. B. B. M. Scrwertanp, J. Chem. Phys. 29, 1097 (1958); T. Mrvazawa, 
J. Mol. Spectrosc. In press. 


472 


2 
1960 
a 
( Q---H N ( () H N 

: 

; 


The internal rotation in anilides about the peptide bond as axis 


Experimental 

In order to apply these criteria to the structures of the four anilides in question, 
we have measured the near-infra-red absorption and apparent dipole moments of 
the anilides in their carbon tetrachloride solutions at various concentrations. 

Formanilide obtained from a commercial source was recrystallized from a 
mixture of ether and petroleum ether; m.p. 46-7°C. 

Acetanilide prepared from acetic anhydride and aniline was recrystallized from 
water containing a little methanol; m.p. 114°C. 

Thioformanilide was prepared by the reaction of formanilide with phosphorous 
pentasulphide suspended in benzene [10]. It was recrystallized from carbon 
tetrachloride; m.p. 137-5°C. 

Thioacetanilide was prepared by the reaction of acetanilide with phosphorous 
pentasulphide suspended in benzene [11]. It was recrystallized from water; 
m.p. 73°C, 

The infra-red absorption measurements were made using a Perkin-Elmer 112G 
spectrometer with a 75 lines/mm grating and a KBr fore-prism. The grating is 
blazed at 12 yu, and its fourth order diffraction was used in the 3-y-region measure 
ments. 

The dielectric measurements were carried out by means of an apparatus which 
was designed and constructed by Dr. I. NakaGawa [12] specially for measurements 
in very dilute solutions. The apparent dipole moment was determined at each 
concentration from the molecular polarization that was calculated from the 
observed difference of the dielectric constants of the solution and the solvent. 


The configurations of the four anilides 

The results of the present measurements are shown in Figs. 1-4. Of each of 
these figures, in the upper-left portion the observed infra-red absorption curves are 
shown. In the upper-right and lower-right portions are shown, respectively, the 
absorption intensities of the NH association bands and the apparent dipole 
moment, both plotted vs. the concentration of the solution. From these results 
the molecular configurations of the anilides are derived as follows. 


Forma n 

Both the infrared absorption and the apparent dipole moment indicate the 
co-existence of the cis- and trans-molecules in the carbon tetrachloride solutions 
(see Fig. 1). Thus, in the concentration range of 0-1—0-0008 mole/|. the NH 
association band at 3220 cm~! (i.e. cis-type association band) predominates and 
the apparent dipole moment decreases as the concentration increases, while, in the 
higher concentration range the NH association band at about 3280 em-! (i.e. 
trans-type association band) appears and the apparent dipole moment increases with 
the concentration of the solution. The two free NH bands observed at 3407 and 
3437 cm~! may be associated, respectively, with the cis- and (rans-configurations, 


in agreement with the interpretation made by Russet and THompson [6]. 


(10) A. W. Horrmann, Ber. deut. chem. Ges. 11, 338 (1878). 
{ll| P. Jaconson, Ber. deut. chem. Ges. 19, 1067 (1886). 
{12} I. Nakacawa, Nippon Kagaku Zasshi 79, 1353 (1958). 


47: 


4 
4 
ue 


M. Tsveot, T. Sarmanoucnut and 38. MizusHIMA 


Acetanilide 

Since the solubility of this compound in carbon tetrachloride is low, our infra- 
red and dielectric measurements were made only in the concentration range of 
6-0008-0-003 mole/l. (see Fig. 2). Nevertheless, it is clearly shown, by the criteria 
(a). (b). (ce) and (e), that most of the molecules of acetanilide are in the trans-form 
in the solution. Thus, in this concentration range no strong association band is 


observed in the region of 3300-3100 cm | but a weak one is observed at 3350 em=}!. 


Of the two free NH bands, the one with the lower frequency (3402 em~') is 


Fig. 1. Infra-red absorptions and apparent dipole moment of forrmanilide at different 


concentrations in the carbon tetrachlorice solutions, 


extremely weak and the other with higher frequency (5446 em!) is very strong. 
The apparent dipole moment observed does not seem to decrease with the con 


centration, rather it shows a tendency to increase. 


Thiofo manilide 

Judged from the criteria (a), (c) and (d), the results (shown in Fig. 3) show that 
the majority of the molecules are in the cis-form. Of the two free NH bands, the 
one with higher frequency is extremely weak and the other with lower frequency is 
very strong.* One of the NH association bands appears at 3182 cem~! but none in 
the higher-frequency region. It does not seem to shift with the concentration of 


the solution. Furthermore, the apparent dipole moment (3-0 D) determined at low 
concentration. where no association band is observed, is much smaller than that of 
thioacet inilide $5 D), for which the coexistence of the cis and trans form is 
evident (see next paragraph). This is just what is expected from the assumption 


* Tt 1 be noted that Limotor unilide and th oacetanilide the positions of the free NH bands 
NH as tion band re | about 50 em! lower than those described in (a), (c) and (d) above, 
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Dipole moment, 


0-001 
Concentration mole/| 


Fig. 2. Infra-red absorptions and apparent dipole moment of acetanilide at different 


concentrations in the carbon tetrachloride solutions. 


Molar extinction coefficient 


0! 
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Fig. 3. Infra-red absorptions and apparent dipole moment of thioformanilide at different 
concentrations in the carbon tetrachloride solutions. 
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that thioformanilide is mostly in the cis-form in its carbon tetrachloride 
solution.* 


Thioacetanilide 


It is evidently shown (Fig. 4) that in the carbon tetrachloride solution the cis- 
and the trans-forms are coexisting. Thus, there are two free NH bands observed with 
comparable intensities.t In both regions, near 3250 and 3200 cm-!, the NH 
association bands are found.* The former band is shifted towards higher frequency 


extinction coefficient 


V 


Fig. 4. Infra-red absorptions and apparent dipole moment of thioacetanilide at different 
concentrations in the carbon tetrachloride solutions. 


as the concentration of the solution is lowered. The latter persists at lower 
concentration than the former. The apparent dipole moment decreases with the 
concentration in the range of 0-001—0-004 mole/l. 

As may be seen from Figs. 1—4, any of the four anilides gives two free NH bands 


in dilute carbon tetrachloride solutions. Their positions and intensities are 


summarized in Table 1. In the table are also given the molecular configurations 
of these anilides conjectured from the criteria (a)—(e). 


Energy difference between the cis- and trans-forms 
As shown above the two free NH bands given in each line of Table | are to be 
assigned to the cis- and trans-forms of anilide in question.; Assuming the change 


* The apparent dipole moment does not seem to decrease with increasing concentration. This might 
mean that one should assume a somewhat different mode of association for the cis-form of thioformanilide 
from the ring dumer tormation., 

+ See footnote on p. 474 
* For N-methylphenylacetamide, however, the occurrence of two free NH bands has been found to 


be interpreted on another basis [ 13). 
I. Suzvxr, M. and T. Saimmanovent, Spectrochim. Acta 16, 467 (1960). 
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of the intensity ratio with temperature to be due to the change of the population 
ratio of these two forms with temperature, we have determined the energy 
difference between these two forms. 

In measuring the intensity of an absorption band we have taken into con- 
sideration the fact that the foot of a peak may overlap that of another. We have 
assumed that the intensity curve of each of the two bands follows a Lorentz 


Table 1. Positions and intensities of free NH bands of four anilides 


in their dilute carbon tetrachloride solutions 


Frequency (em™~!) with molar Molesuler 
Compound extinction coefficient in parentheses 


configuration 


(trans) (cis) 


Formanilide 3434 (105) 3407 (61) cis trans 


Acetanilide 3446 (172) 3402 (10) mostly trans 
Thioformanilide 3404 (14) 3374 (153) mostly cis 
Thioacetanilide 3399 (126) 3368 (84) cis trans 


Table 2. Ratios of the peak intensities of the two free NH bands of anilides, 
observed at different temperatures in dilute (0-0008 mole/lI.) CCl, solutions, 


and the energy difference of the trans- and cis-forms 


Temp. AE E Berens 


ci 


Compound transi "eis (¢ il m } 
nole 


Formanilic 297 1-834 


305 1-825 
318 1-749 620 60 
327 1-686 


341 1-633 


Thioformanilide 295 0-049 
304 0-056 1400 300 
328 0-062 
348 0-073 


Thioacetanilide 300 1-625 
327 ‘570 225 20) 


] 
“545 


348 l 


function. The ratios of the corrected peak intensities, ¢,,,,.,/¢,;,. obtained at 
different temperatures, are given in Table 2. From these, the energy difference AE 


of the two forms can be calculated as: 


AE = —RT In A( &gang/ Eis) + TAS 


assuming that a (a proportionality constant) and AS (the entropy difference of the 
two forms, Stang —S,i,), 28 Well as AE are independent of the temperature. The 
results are given in the last column of Table 2, with the probable errors. 
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Discussion 
It has thus been shown that for formanilide the cis-form is fairly stable in 
contrast to the case of N-methylacetamide (or other N-alky] acylamides) for which 
the cis-form is much less stable.* This may be explained as due to the steric 


repulsion between the C=O group and the phenyl group in the trans-form of 


Fig. 5. Trans-forms of formanilide, acetanilide, and thioformanilide The radii of the 
cireles are equal to the van der Waals radii of the atoms and groups situated at their centres 


formanilide (see Fig. 5), that would make this form less stable. In acetanilide, 
however, this repulsion would be overcome by the stronger repulsion between the 
CH, group and the phenyl group, and this would be the reason why the abundance 
ratio of the trans form increases in this compound. 

When the C=O group is substituted by the CS group, the abundance ratio of 
the cis- to the trans-forms increases both in formanilide and in acetanilide. This is 
quite consistent with the steric repulsion theory, mentioned above, since the steric 
repulsion between the C=S group and the pheny! group in the trans-forms of these 
molecules should be much greater than that between the C=O and the phenyl 
group, as may be seen in Fig. 5. 


* Russert and Taompson [6] reported a weak band at 3440 cm~' which was attributed to the cis 

form of N thvlacetar le However. we have not observed anv band at this frequency with a relative 

ese 

intensit gher than you of that of the 3472 em~'! band (due to the trane-form) at the concentration of 
the solut n CCl) of 0-005 mole/! 


V¢ L 
\ 16 
1960 
j 
475 


Spectrochimica Acta, 1960, Vol. 16. pp. 479 to 492. Pergamon Press Ltd. Printed in Northern Ireland 


‘ Infra-red emission from gases excited by a radio-frequency discharge* 
H. M. Moun, W. C. Price and G. R. 
Wheatstone Physics Laboratory, King’s College, London W.C.2 
(Received 13 January 1960) 

: Abstract-—The nature of infra-red emission from gases at high té mperatures is described. An 
account is given of the excitation of the vibration—rotation bands of diatomic and polyatomic 
molecules by a radio-frequency discharge. The characteristics of the discharge and the modes 

i of excitation of the high-vibrational states are consid red. The spectra of many simple gases 


have been studied under high resolution (0-1 em) and spectra are presented for the Av l 
transitions of CO, HCl and DCI. Analyses of these bands together with those of HBr have led 


to more accurate values of their vibrational and rotational constants. Some observations on 


the search for infra-red emission from free radicals are made. 


Introduction 


INFRA-RED emission from diatomic and polyatomic molecules at high temperatures 


is characterized by the occurrence of a very large number of transitions which result 


from the population of high vibrational and rotational levels. The high excitation 


also leads to dissociation and the production of new species. The volume of work 


on the infra-red emission from gases is comparatively small; however, there has 


been some interest in the emission from flames. Nearly all the high resolution work 


in this field is due to PLYLER and his co-workers [1]. These studies have provided 


useful information on high-vibrational and -rotational states and have made a 


particularly valuable contribution to the understanding of combustion processes. 


The studies on emission from diatomic and polyatomic molecules excited by a 


radio-frequency discharge which are presented here are a continuation of the work 


described by WiLkrinson ef al. [2] They have been made using a high-resolution 


grating spectrometer. Further investigations have been carried out to attempt to 


detect the emission from free radicals. However. these have not proved very 


successful, partly owing to the fact that their emission is invariably overlapped by 


stronger emission from the parent molecule. In this paper we shall be concerned 


more with the measurement of the vibration—rotation bands of some simple 


diatomic molecules and with a re-evaluation of their molecular constants. As 


pointed out previously the possibility of deducing the rotational and vibrational 


constants from measurements made in the same spectral region has obvious 


advantages over methods of absorption which involve the intercomparison of 


measurements made at widely different frequencies. Also the occurrence of high 


J-values in emission spectra leads to the possibility of obtaining estimates for H, 


the third rotational constant. 


* Paper presented at the European Molecular Spectroscopy Conference, Bologna, September 1959, 
Fuller details will be published elsewhere. 
(1) H. C, Auvex, L. R. and FE. K. Pryter, Spectrochim. Acta 9, 126 (1957 
1 GC. R. Wrixinson, M. A. Forp and W. C. Price. Molecular Spectroscopy p. 192 British Institute 
of Petroleum. 1055 
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Experimental 

The quartz discharge tube used in the studies is similar to the one shown in 
Fig. | of [2]. Sapphire disks (25 mm diameter and | mm thick) are used for both 
windows. These are set in the brass end-plates, all seals being made with Araldite 
epoxy resin which withstands the high working temperature and resists attack by 
corrosive gases.* The radio-frequency oscillator which is capable of giving a power 
output in the discharge tube of about 1 kW, is a tuned anode-type using a pentode. 
The frequency of operation is about 6 Me/s. The discharge tube and r.f. leads are 
completely enclosed in a cage to prevent pick-up by the detector system. All the 
spectra were recorded with a high-resolution spectrometer [3] using the second- 
and third-orders of a 2500 lines/in. grating and a liquid-air-cooled lead telluride 
detector in conjunction with an 800 c/s amplifier. Some measurements have also 
been made on the absorption by the hot gas in the discharge tube. In this case the 
radiation from a Nernst filament was chopped at 800 c/s before being passed along 
the axis of the discharge tube. In this way the emission from within the tube is not 
detected as it is not modulated at the frequencies to which the amplifier responds. 


The nature of the discharge and the mode of excitation of 
vibrational and rotational levels 


The intensity of i.r. emission from the discharge tube increases both with the 
pressure of the gas and with the tube current. For a constant tube current the 
relationship between intensity of emission and pressure is approximately linear, 
and for constant pressure the intensity is proportional to the tube current. In the 
present studies we have used gas pressures between 6 and 12 em Hg. Similar 
relationships between emission, pressure and current were found in the low- 
resolution work of Doponova [4] on CO and CO, as a result of a series of 
studies initiated by TERENIN in Leningrad. 

In the case of gases which readily decompose in the discharge, e.g. ammonia 
and hydrocarbons, it was necessary to maintain a fast flow-rate through the tube; 
however, with other gases, e.g. CO, CO,, HCl and DC, only a slow flow was used. 
If a very fast flow-rate is used in these cases the emission decreases. 

The effect of added gases on the discharge has also been studied, and it is found 
that for gases such as CO, HCl and CO, the addition of hydrogen leads to a reduc- 
tion in the emission whilst nitrogen and argon have little effect. If oxygen is 
added to carbon monoxide very strong carbon dioxide emission is observed owing to 
the formation of C¢ do. 

One of the most characteristic features of the visible emission is the occurrence 
of an intense region concentrated along the central portion of the tube the colour 
of which depends upon the degree of excitation and the nature of the gas. It is 
particularly well developed in carbon monoxide which gives a rose colour central 
are and in argon where it is red. The ultra-violet and visible emission from the 


discharge has been photographed using a small spectrograph and many of the 


* The windows and plates may be readily disassembled by use of De-Solvent 292, Oxley Developments 
Ltd Ulverston, Lanes. 


3) M. A. Forp, W. C. Price and G. R. Witkovson, J. Sci. Instr. 35, 55 (1958). 
4) N. Ya. Dopowova,. Doklady. Akad. Nauk. S.S.S.R. 98, 933 (1954-1956). 


480 


a 16 
1060 
4 
a 
= 
: 


Infra-red emission from gases excited by a radio-frequency discharge 


well-known band systems associated with positive column discharges have been 
recognized. The infra-red emission bands extend over a wide frequency range 
which exceeds 1000 em=! in the case of the fundamentals of HCl and H,O. Band 
heads are frequently developed as a result of the high rotational excitation. 

Unresolved bands, e.g. N,O and CO, are generally characterized by a high- 
frequency edge due to the formation of band heads whilst the low-frequency side 
tails off more gradually to zero. Also the superposition of transitions between 
high-vibrational levels, which are shifted with respect to one another on account 
of anharmonicity, causes the centre of the emission-band system to be moved to 
low frequency relative to that of the normal absorption band. This feature is of 
practical importance in the detection of CO, emission from flames when the 
absorbing path between the source and detector is considerable. 

In discussing the mechanisms by which the molecules acquire their initial 
vibrational and rotational energies it will be convenient to enumerate a number of 
possible processes and then to consider the probabilities of their relative importance. 

(1) M+e=M’"* +e. 

(2) M + ¢ = + hy +. 

(3) 
(4) 

(5) 

(6) M + hy — + hy. 

Process (1) which represents vibration rotation (V—R) excitation of a molecule 
M by collision with an electron has been studied theoretically by Massgy [5]. On 
account of the small mass of the electron compared with the masses of the atoms 
in the molecule, excitation by this process cannot be very efficient and its 
contribution to infra-red emission must be small. 

Process (2) is clearly important in view of the strong visible and ultra-violet 
emission which is observed. Electronic excitation to states of different internuclear 
distance will occur most favourably in accordance with the Franck—Condon 
principle to the extremities of high-vibrational quanta of the upper states. Passage 
to the other extremity of the vibration before re-emission will give rise to the 
considerable changes in bond distance necessary for the production of high- 
vibrational levels of the ground state. 

Process (3) represents the mechanism by which the ions necessary for the 
maintenance of the discharge are produced. If the nuclear separations in the ionic 
state differ from those in the neutral ground state then recombination will be 
accompanied by vibrational excitation. 

Process (4) involves direct excitation of vibration—rotation states following the 
collision with positive ions. 

Process (5) represents the recombination of two radicals N and O forming the 
molecule M in a vibrationally excited state possibly in the presence of a third body 
or with the emission of a light quantum. 

Finally, process (6) represents the absorption of radiation producing excitation 


[5] H. S. W. Massey, Trans. Faraday Soc. 31, 556 (1953). 
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to an upper electronic state followed by rearrangement and re-emission to a 
vibration excited eround state. 

These processes will be of different relative importance in different systems. In 
the case of carbon monoxide process (2) is likely to be of majorimportance. This is in 
fact confirmed by the intensity of the ultra violet and visible positive bands in 


which there is a preferential change of the 1 ibrational quantum number of about 11 


corresponding to the largest vibrational quantum observed in the infra-red 


emission spectrun 

lhe halogen acids do not have such an extensive range of stable electronically 
excited states as carbon monoxide and the only ones known are those obtained in 
absorption in the vacuum ultra-violet: Jaours and Barrow [6] report emission 
systems for these molecules. These correspond to the excitation of a relatively 
non-bonding electron and are not associated with large changes in internuclear 
separation. This is in general agreement with the fact that the maximum values 
of the vibrational quantum numbers we observe are low. If other processes such 


as recombination were major factors in producing vibration rotation excitation it 


might be expected that they would be associated with larger values of v’ than are 


uct rally obst rved The presence ot atomic hydrogen as shown by the strong 


Balmer emission indicates, however, that recombination cannot be neglected 
entirely. 

The question of the lifetime and the equilibrium concentration of the excited 
states isimportant. The lifetimes of the excited electronic states are of course very 
much less than the periodic time of the electric field and the modulation (at twice the 
rf. frequency) of the ultra-violet emission is clearly apparent in the output of a 
photomultiplier receiv ing this radiation. The vibration—rotational lifetimes are very 
much longer and could possibly be followed by using a sensitive InSb detector which 
has a sufiiciently short response time. lt is probable that a partial equilibrium is 
reached und that only the vers his h-vibrational levels are appreciably modulated. 
Similar conclusions have been drawn by DopONOVA W ho has measured a temperature 
of 2000°C directly by a probe but estimates the vibrational—rotational temperature 
to be 4000°C. In our absorption work it also is apparent that the equilibrium 
temperature is less than that at peak excitation. The intensity of the emission 
from diatomic molecules is given by the expression (7: 


where Rev *( Ne at 


7h 


and in the case when thermal equilibrium is achieved the fraction of molecules with 
vibrational and rotational quantum numbers J and v is 
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Q, and Q, being the partition functions for the vibrational and rotational energy, 
respectively. From this expression we estimate that the effective vibration 
temperature is nearly 4000°K in a carbon-monoxide discharge. 


Studies on specific molecules 
In this section we describe in outline the spectra of some simple molecules and 
the re-evaluation of some of their molecular constants made possible by the 
measurement of the frequencies of lines with high-vibrational and -rotational 
quantum numbers. However, before this, we will recall the main vibrational and 
rotational constants for diatomic molecules that are of significance. The vibrational- 
term value is given by: 


and for two different isotopes the following relationships should hold: 
po, 
pw x, 
where p = \/(u/u’'), « being the reduced mass. For the Av = | transitions: 
G(v + 1) — G(v) = w, — 2u,2,(v + 1) + 3e,y,(v? + 2v + 38) 
The rotational-term values are given by: 
= BJ(J +1) — D,J*J + 1)? + + 


where 


and 


The isotope relationships are: 


H,’ = pH 


The frequencies of the lines in a vibration-rotation band may be represented by 


vy + (B,' B,” B,” dD,’ dD,” \m2 


2(D,’ D,"\)m4 +- 3(7,’ H 


t 


These expressions have been used in the analyses of the emission bands of the 
diatomic molecules referred to below. 
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Infra-red emission from gases excited by a radio-frequency discharge 


Diatomic molecules 
Hydrogen chloride 

Fig. 1 shows the Av | transition for HCl (pressure 10 cm, discharge-tube 
current 0-7 A). The emission extends over nearly 1000 em land the 1 + 0,2—1 
and 3 —> 2 transitions are clearly evident ; many lines of the weaker 4 — 3 transition 
may also be identified. The lines due to the two isotopes of chlorine are well 
resolved. A well-developed band head occurs in the 1 — 0 transition for J 25; 
the weaker 2 — 1 band head also occurs for J 25. In the P-branch of 1 — 9, 
P(30) has been observed. Preliminary measurements indicate that the molecular 
constants quoted in [8] are in fair agreement with the observed spectrum. The new 


data is used in Table 1. 


Deuterium chlo idle 

The radio-frequency discharge is a particularly valuable method of obtaining 
the emission from deuterium chloride since a prohibitive amount of deuterium would 
be required for a deuterium—chlorine flame. Fig. 2 shows the R-branches of Av | 
transitions for 1 ~0, 2-1, 3 2. The 4 —3 transitions are observed with 
wider slits (pressure 10 em, discharge current 0-65 A). On account of the lower 
vibrational frequency and small rotational constants, higher rotational quantum 
numbers are observed than for HCI. Further it would appear from the intensity 
distribution of the emission that the effective temperature is also higher. The band 
head for the | — 0 transition occurs for J 88 at 2306-9 em-!. The molecular 
constants evaluated from the spectrum are given in Table 1. These are in good 
agreement with the values obtained by PickWorRTH and THompson [9]. The table 
also gives the comparison of the data on deuterium chloride with that on hydrogen 


chloride. 


Hydrog hromide 

Measurements made in this laboratory on both the absorption and the emission 
from HBr showed that the published molecular constants [10] were not in good 
agreement with the observed frequencies. As there is little data available for higher- 
vibrational transitions it appeared worth while to make careful measurements on its 
ir. emission. The Av = 1| transition was measured under high resolution and the 
| »0. 2-1 and 3 — 2 bands were analysed; some lines of the 4 — 3 transition 
were also measured. The emission is somew hat weaker than that from HCl or CO. 
From both absorption and emission measurements the constants given in Table 2 
were evaluated. The combination plots are shown in Fig. 3. 
Deuterium bromide 

The emission from DBr has also been studied and measurements have been 
made on the R-branch which shows a well-developed band head. The extra lines 
that appear in emission are quite well fitted by the constants given by KELLER 
rs) I. M. Mitts, H. W. Tromrson and R. L. Proc. Roy. Soc. A. 218, 29 (1953) 


J. Pickwortn and H. W Tompson, Proc. Roy. Soe. A 918, 37 (19553). 
110] H. W. Tuompson, R. L. Wi-ttaMs and H. J. CaLLomMan, Spectrochim. Acta 5, 313 (1952) 
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lable 1. Table of derived band constants for the isotopic species of deuterium chloride 
together with their internal comparison and the comparison with the corresponding 
data for hydrogen chlorid 


Provisional data 


Constant 


i 


(cm ) 


54483(9) 
0-1122(6 O-1117(7) 


0-998527 0-99837 


0-997056 


0-997052 = 0-9974 


0-99587 0-99563 


0-994121 


0-90424 


0-71670 


07172 0-716691 a 


r 


0-513644 


+ 368916 0-36863 0-36812 
{ 
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and Nieisen [11]; however, the frequency of the band centre given by them is 


0-25 em~! too low. 


Carbon monoxide 


The emission from carbon monoxide in the region of the fundamental is shown 
in Fig. 4 (pressure 10 cm, tube current 0-8 A). The five transitions 1 + 0, 2 +1, 


3,29 5 occur with appreciable intensity. The well-developed band 


smission spectrum of DCI for the A 1 transitions 


head for | — 0 occurring near J 100 clearly shows the way in which the emission 
from carbon monoxide can be observed quite free from CO, interference. The 
Av ® transition shows ten different transitions ranging from Il —% to 2 —0. 
An oxyacetylene flame vives strong CO emission bands w hich have been studied by 


11) F. L. KELLER und A. H. Ni sen, J. Chem. Pi L054 


$87 


= 
A 
2) 
| 
j 
; | | | | | 
! i | | 
| 
© 
| 
| | 
| 
| | | 
| 
| | | | | 
5 
Fig. 2. The infra-red 
‘ 


H. M. Movtp, W. C. Price and G. R. WiLKrNso> 


Table 2. Table of derived band constants for the isotopic 


spe cies ot hydrog« n bron ice 


Constant 


(cm 


2645 


2649-21, 


wt, 45-07, 45-06, 

0-03 0-03 

B, 84670, 84644. 

0-23226, 0-23215, 

3-7 37 
D, 3-472 3-470 
3-7 3-7 1o-* 


HBr ente rnal compar aon 


~ 


9998445 p 9998443 


9996894 0-9996887 


9996887 


90908 2 
p 


9995331 


9995351 ( 


~ 


99903665 0-9993775 


Constant 
1 Cal Cal 
il 
Observed , Observed 
from HBr) (from HBr) 


1885-76 [886-25 1885-18 1885-45 
Wt 22-84 22-096 22-83 23-08 


0-01 0-01 0-01 0-01 


B, 4-20015 129014 4-2875 4-28750 

D, $914 x » lO 8-903 x 10° 8-8 x 10-5 


7 5 
Br H™Br 
w 
12 x 10° 1-2 x 10°” 
B® 
0 = 
79 
D™ 
ym parison U ith DBr 
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Fig. 3. Combination plots for the v = 1 — 0 transition in HBr. 


PLYLER et al. [12] under high resolution. The lines that we have observed are well 
fitted by the most recent values [13] of the vibrational and rotational constants. 


= 2169-829 — 26-590(v + 1) 0-0345(v2 +- 2v + 13/12) + 
- 2m{1-9321285 — 0-017535(v + 1) + 1-01 x 10-5(p2 + +- §/2)} — 
- m*}0-017535 — 2-02 x 10-5(» + 1) — 1-0 x 10 9) 
- 2m*{6-117 x 10-* — 1-0 x 10-%(v + 1)} — 1-0 x 10-%m!4 
+ 2m{5-8 x 10-12] 


{12] E. K. Pryrer, H. C. Aven and E. D. Trower, J. Res. Nat. Bur. Standards 61, 53 (1958). 
[13] E. K. Pryver, L. R. Buarse and W. 8. Connor, J. Opt. Soc. Am. 45, 102 (1955): D. H. Rawk. A. 
H. Guentuer, G. D. Saxsena, J. N. SHearer and T. A. Wicerns, J. Opt. Soc. Am. 47, 686 (1957). 
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Infra-red emission from gases excited by a radio-frequency discharge 


Nitric oxide 

The emission from nitric oxide is comparatively weak. However, the two 
components 2[ J. and *[ 5). could be distinguished. It was not possible to improve 
the constants already derived for the 1 —- 0 and 2 - 1 transitions in our absorption 
studies. For the fundamental we find 


y = 1876-09 + 3-3269m 


- 0-01730m" (7-2 x 10-%m*) 


y = 1875-85 3-42185m + 
0-O1775m*? — (36-8 10-*m*) 

The hydroxyl radical 

As stronger emission may be obtained from a hydrogen—oxygen flame, the 
emission lines from this radical, though observed, were not remeasured. Several 
lines in the P-branch of the fundamental of the OD radical observed in emission 
from D,O were identified. 

Linear triatomic molecules 

Carbon dioxide 

Carbon dioxide gives a very strong emission with a maximum near 2250 cm : 
due to transitions in which the quantum numbers associated with v,, the anti- 
symmetric stretching vibration, change by one. The emission cannot be well 
resolved on account of the extremely large number of rotational lines in the many 
vibrational transitions. The peak emission is roughly as intense as that from a 
Nernst filament and hence jt was possible to study the emission with high signal- 
to-noise and 0-1 em=! resolution. Band heads occur on the high-frequency side 
at 2397 (001 — 000), calculated [14] value 2397 cm-!, at 2372-4cm7 
(002 —» 001). calculated value 2372 em-!, and 2385-5 em~* (OL1l — 010), calculated 
value 2386 em-!. The emission decreases to zero on the low-frequency side at 
about 2100em-!. In the 2-8-~ region, where the 02°1 — 000 and 10°1 — 000 
transitions occur, there is a broad band with a maximum at 3650em-'. The 
intensity of this band is less than a quarter of that of the 4-4-4 band. The head of 
the 101 —» 000 transition occurs at 3770 em~'. A very much weaker band due to 


the transition 201 — 000 occurs with a maximum near 4800 em~*. 


Nitrous oxide 
Compared with the emission from carbon dioxide. that from nitrous oxide is 
very weak. The band head of the 001 —- 000 transition occurs close to the 


calculated value [15] of 2272-9 em~'. 


Non-linear triatomic molecules 
Water vapour 
The emission from H,O is quite intense in both the 3-4 (100 +000 and 
001 —» 000) and 6-4 (010 — 000) regions and the emission extends over a very wide 


141 C. P. Courroy, Can J. Phys. 35, 608 (1957). 
H. W. Tuompson and R. L. Proc. Roy. Soc. 220, 435 (1953). 
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range. In the 001 — 000 transition between 2400 em~! and 3600 cm~! a prominent 
series of lines with a spacing of about 20 em! occurs. The emission bands in the 
t-~ region of D,O were also readily recorded from its discharge. 


A 


Emission occurs in the region of the fundamentals », and ¥,; however, the 
emission is too weak to be of value for the evaluation of molecular constants. A 
search for emission due to the NH, and CH, radicals did not prove successful. 


Mi 


The emission trom methane is readily obtained, but it is not very strong on 
account of the dissociation which occurs in the discharge. The emission from a 
methane flame has been studied by PLyLer and {16}. 


Conclusions 

Whilst the search for the infra-red emission from free radicals has not proved 
verv successful, largely due to interference from other emission bands and the 
probable low concentrations obtainable, it has been shown that use of the r-f. 
discharge for the excitation of vibration—rotational energy levels is a valuable 
method of obtaining excitation to high-rotational quantum numbers. This is 
especially valuable for gases such as DC] and DBr where it permits the derivation 
of more precise molecular constants. Much further information on the nature of 
discharge processes could be obtained by more detailed studies of their infra-red 
emission. 
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Abstract—The absorption spectrum of ruby in polarized light has been investigated at liquid- 
nitrogen temperature, in the 5500 A region. The presence of vibrational structure in the LC, 
polarization of the transition to the split ‘7',, excited state has been confirmed. The appearance 
of a progression in an E,, mode of the corundum lattice is attributed to Jahn—Teller distortion 
of the upper state. 
1. Introduction 

RECENTLY, GRESCHUSHNIKOV and FEorriLovy [1] reported fine structure in the long- 
wavelength edge of the *7’,, <— 4A,, transition of Cr** in corundum at 83°K. Five 
bands were reported, two of which had previously been observed many years ago 
by Gipson [2]. The dichroism of the band was also studied and the vibrational 
structure, which disappears above 170°K, was found to be polarized perpendicular 
to the C,-axis (o-spectrum). No analysis was attempted but it was suggested that 
the structure was due to a simple vibrational series in the 194 em~! (#£,) Raman 
frequency |3] of the corundum lattice. More recently, Pryck and RuNcIMAN [4] 
have observed similar structure with an average wavenumber separation of 
180 cm~! in the #7’, < *A, transition of V** in the same lattice. They suggested 
that the unexpected appearance of a simple progression in a doubly degenerate 
mode was due to strong Jahn—Teller distortion of the *7’, state, which will couple 
the electronic transition to certain antisymmetric crystal vibrations. Since the 
vibrational spacings reported by GRESCHUSHNIKOV and FrorriLov did not indicate 
a simple progression of single quanta in the 194 em~! frequency, we decided to 
study this region more closely. 


2. Experimental 
We have confirmed the presence of this vibrational structure in ruby using a 
synthetic corundum crystal doped with 0-05°%, Cr** obtained from Linde Air 
Products Inc. However, our band positions are somewhat different from those of 
GRESCHUSHNIKOV and Frormov and evidence of two further members has been 
found. Details of the spectra, shown in Fig. 1, which were recorded on a Perkin— 
Elmer spectracord 4000 are given A, in Table 1. Details of the miniature low- 
temperature cell used for this work have been given elsewhere [5]. 
The observed spectrum may be most simply interpreted in terms of two 
[1] B. N. Grescuvsuntkov and P. P. Frortrov, Zhur. Eksper. i Teoret. Fiz. 29, 384 (1955); JETP. 2, 
330 (1956). Translated in Soviet Phys. 
2] K. 8S. Grason, Phys. Rev. 8, 38 (1916). 
. 8S. Krisunan, Proc. Indian Acad, Sci. A. 26, 450 (1947). 


3 
4) M.H. L. Pryce and W. A. Runciman, Discussions Faraday Soc. No. 26, 34 (1958). 
5) FE. L. Hentiey and R. A. Forp, Spectrochim. Acta 15, 594 (1959). 
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vibration frequencies 216 em! and 178 cem~!. We may associate these with the 
°44em-! and 194 em-!, infra-red frequencies of the corundum lattice. The 
substitution of Cr+ in this lattice will perturb the corundum frequencies in the 
vicinity of the Cr** site. Simple calculation suggests that these frequencies should 


Wavelength, 


Fig. 1 Polarized absorption spectrum of ruby at 100K. 


lable 1. Polarized absorption spectrum of ruby at 100°K 


4 
Polarization Band 16.760 Assignment 


0*E,, 
216 
216 
216 
5 17,588 S28 3 216 178 


216 


1183 3 216 3 178 


18,2 


be reduced by about 10 per cent which would bring them into good agreement with 
the values observed in ruby. 
3. Discussion 
The degeneracy of the *7',, state of Cr3* is lifted in ruby by the trigonal 
component of the crystal field (Cr** site symmetry is C,). The derived states are 
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then *#,,, and tA .,).* Frequently, these states are classified under the pseudo- 
symmetry C,,, ie. 42 and *A,, but this is not preferable when polarization and 
vibrational interaction are considered because the intensity of transitions depends 
on configuration interaction. Accordingly, the *2,,, < *A,o) transition will be 
polarized perpendicular and 4A4,,) « *Ay) parallel to the C.-axis. The value of the 
trigonal field parameter X, calculated from the splitting of these components, is 

2») em-!. This is somewhat smaller than the value quoted by SuGANO and 
TANABE [6] of —350 em~?. 

Under (,, transitions from the ground state to the *#,,, and 44,,, states are 
allowed because of the removal of parity restrictions. Since they result from inter- 
configurational excitation, (t,,)* — (t.,)* (e,), expansion in the excited state is to be 
expected because of the anti-bonding character of the excited e, orbital. Hence 
the Franck—Condon principle leads us to expect the transitions to be broad with a 
weak O—O band extended in progressions of the totally symmetric vibrations. 

In considering the observed vibrational structure in the o-spectrum which is 
according! associated with the 42,,, transition, we must first resolve the 
lattice vibrations of corundum, which have been assigned under the space group 


D,,{3), in terms of the Cr** site symmetry. This is done in Table 2 


Table 2. Resolution of lattice v ibrations of corundum in terms of 


space and site group symmetries 


bd Observed frequencies C, 


(em 
Activity 


Raman 


1, 3 Inactive | 
2 Inactive 

A oy 2 Infra-red 244, 847 

k 5 Raman 375. 417. 432, 450, 642 | E 
Infra-red 194, 328-355, 454, 909 


It is then necessary, in making a vibrational analysis, to decide on the position of the 
O—O band. With the 4B,,, <— ‘A, transition we have no fluorescence to aid us 
here, but by working at 100°K we can be sure that the observed vibrational 
frequencies are only excited in the ‘E.,, upper state. Hence we may safely assign 
the longest wavelength band at 16,760 em~! to the O Oband. The spectrum is then 
seen to consist of a combined progression in the 216 em 1 and 178 em! frequencies 
which belong to the representations A and £, respectively. A summary of our 
vibrational analysis is given in the last column of Table 1. We should not, however, 
expect a progression in single quanta of an antisymmetric vibration to appear in 
an allowed transition. This will only happen if the excited state is distorted in 


such a manner that the antisymmet ric vibration becomes totally symn etric under 


* The subscript (0) refers to the ground state. Exeited states of similar orbita ymmetry and spin 


multiplicity are then denoted (1), (2 in sequence of increasing energy 


'6) S. Sucano and Y. Tanase, J. Phys. So Japan 18, 880 (1958) 
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the lower symmetry of the distorted structure [7, 8]. Let us now consider whether 
such a distortion is possible. 

The orbital degeneracy of the *Z,,, state will be lifted if the symmetrical 
configuration of this state is unstable with respect to any of its antisymmetric 
normal vibrational modes. Jann and TELLER [9] have shown that such instability 
will occur if the matrix elements of fy*2,,, Vg y*2y, dr are non zero. Here Vz is 


the appropriate operator for the vibrational perturbation. This will be so for the 


‘E,,, state of Cr** in corundum because the direct product of the vibrational 


representation E and the electronic state representation [£?] contains the totally 
symmetric representation A. The symmetry of the distorted configuration will 
then become C, under which the 178 em~! vibration will be totally symmetric. 
The presence of a progression in single quanta of the perturbed 194 em~!, E£,, 
frequency of the corundum lattice in the *Z,,, « 44... transition is therefore clear 
evidence of Jaux—TELLER distortion of the 4£,,, state of Cr** in ruby. 
W. Morrirt and W. Tuorson, Phys. Rev. 108, 1251 (1957). 


H. C. Lonever-Hieers, U. Orr, M. H. L. Pryce and R. A. Sack, Proc. Roy. Soc. A. 244, 1 (1958). 
H. A. Jauw and FE. Tetwter, Proc. Roy. Soc. A. 161, 220 (1937) 
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On the problem of radiative combinations between upper singlet 
states and the ground state in aromatic molecules* 
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Abstract—A method based on the measurement of the fluorescence yield as a function of the 
wavelength of excitation was used to search for emission from states other than the lowest 
excited singlet state of aromatic molecules. The absence of such emission in 9:10-dibromoanthra- 
cene indicated that the fall-off in fluorescence yield when the excitation is in the upper states of 
this molecule was not caused by significant changes in the rate of internal conversion. It was also 
shown that a concentration-dependent intermolecular process cannot be responsible for this 
effect in the case of dibromoanthracene. The applicability of the method to other systems is 
discussed in some detail. 
Introduction 

For many years spectroscopists have searched for emission from electronic levels 
other than the lowest excited states of polyatomic molecules |1]. So far very little 
success has been obtained and azulene represents the only confirmed example [2]. 
At liquid-helium temperatures in the crystalline state such effects may have been 
observed, although in this case the excited levels are usually very close [3]. The 
f-numbers of the second or third observed singlet-singlet transitions in many 


aromatic compounds are very high (for example f = 2-28 in the case of the 2525 A 


band of anthracene) and correspond to apparent radiative lifetimes of around 
10-!° see for transitions between these and the ground state [4]. The essential 
reason why luminescence from these states is not observed under normal condi- 
tions is concerned with the greater efficiency of the competing process of 
internal conversion between the singlet states. If the latter step takes about 10-8 
sec one can expect a maximum quantum yield of S,—> S, emission of only 


10-13/10-! or 10-%. The normal experimental methods of detecting and tracing 
luminescence spectra of this origin become uncertain at this quantum yield level 
for the following reasons: 

(1) As the exciting radiation must necessarily be in the high-energy bands, the 
probability of unimolecular photochemical reactions is greater than if the lower 
energy levels were initially populated. Such dismutations necessarily give rise to 
species which have less extended conjugation and which will therefore absorb and 
emit at higher energies than the parent molecule. These emissions may obscure 
the S, — S emission. 


* Research supported by a grant from the National Research Council of Canada. 
M. Kaswa, Discussions Faraday Soc. 9, 14 (1950). 
G. Viswanetu and M. Kasna, J. Chem. Phys. 24, 574 (1956). 
3) See, for example, R. CorrmMan and D. 8. McCrivre, Can. J. Chem. 36 48 (1958). 
| J. Prarr, Radiation Biology (Edited by A. Vol. III, pp. 83ff. N.R.C. Publication, 
McGraw-Hill, New York (1956). 
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(2) The initial sample purity must be very high. if, for example, there is 
present 10-* mole per cent of impurity with a unit quantum yield of luminescence, 
then the emission from this may be as strong as the S,— S emission. Energy 
transfer to impurities at even lower concentrations can magnify this effect by a few 
orders of magnitude [ 5). 

(3) At normal temperatures the 4‘, — S emission will necessarily be quite 
strongly reabsorbed into the lower singlet electronic states. To counteract this it is 
well known that the f-number is considerably higher in some of the upper states. 
This situation allows one to have virtually total light absorption in the upper state 
while in the same sample the lower energy regions may be less than 10 per cent 
absorbing. 

The remainder of this article describes a new experimental approach to this 
problem and the application of this to a few aromatic hydrocarbons in solution at 
room temperature. 

Experimental 

The basic optical arrangement and detector unit were previously described 
(5, 6] and only slight modifications are suggested here. Monochromatic light from 
a Beckman D.U. monochromator was incident normal to the face of the sample 
tube (1 em cylindrical quartz cell) and the fluorescence emission focused on the 
phototube which was placed below the cell. A high-frequency cut-off filter 
(1-5em NaNO, saturated in H,O in this case) was placed between the photo- 
multiplier and the sample cell. The quantal output of the hydrogen lamp was 
known at each wavelength between 2200 and 3950 A. Measurement of the 
luminescence intensity as a function of position of the wavelength drum under 
these conditions gave the quantum yield of fluorescence at any exciting wavelength 
relative to that at any other wavelength of excitation. In such experiments the 
solutions must absorb essentially all of the incident light. 

The particular results required here were obtained by measuring the relative 
fluorescence yield as a function of concentration of the luminescent species and 


wavelength of excitation. 


Results and discussion 

9-10-Dibromoanthracene, which was previously studied by Fereuson [7], was 
chosen to exemplify the method. Fig. | shows the curves for the excitation spectra 
of this molecule over a range of concentration in ethanol. These values were 
corrected for incident light intensity and the slit width was the same for each 
determination. The shape of the curves arise because below 2700 A and above 
2500 A the solution was absorbing at least 99 per cent of the incident light. Thus 
at wavelengths greater than 3500 A or less than 2700 A the relative fluorescence 
yield was being measured directly. Between these values the solution was trans- 
mitting some of the light and the amount of fluorescence was reduced. 

Dibromoanthracene was chosen because it is one of the few molecules whose 
fluorescence yield is lower when the excitation is in the upper state (i.e. less than 
A. N. Terenrs and B. L. Uenekhi Fiz. Nauk §8, 37 (1956). 


6: R. M. HocwsTRASsSER Can J. Chem. 37, 1367 (1959). 
J. Ferevson, J. Mol. Spectrosc 3. 177 (1959). 
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300 mu). This was previously attributed to the heavy-atom induced enhancement 
of intersystem crossing between upper excited states [7]. There appear to be two 
possible mechanisms for this process. They are most easily seen by referring to 
Fig. 2. The first, (a), involves a considerable increase in the actual rate of inter- 
system crossing compared to the rate of fluorescence. The value 10' sec~? at first 
sight appears to be much too great if compared to the probable values for enhanced 


Exciting wovelength, 


Fig. 1. The variation of the fluorescence yu ld of 9:10-dibromoanthracene as a function ol 
exciting wavelength. The effect of concentration. The concentrations are referred to the 
The upper un numbered curve 1s for a totally absorbing solution of 
9:10-dibromoanthracene in ethanol. 


numbers in Table 1. 


Singlets 


(b) 


Fig. 2. Two possible energy -level schemes for a polyatomic molecule whose fluorescence 
the state of excitation. (Note: It is tacitly assumed that the primary 
reason for this effect 1s not photochemical dissociation. ) 


vield depends on 
rates of intersystem crossing in, say, the halogenonaphthalenes [8]. However, if 
such a process is to compete with internal conversion, which is assumed to occur 
within 10-23 sec, then it is necessary to postulate such an order of magnitude. 
The second mechanism, (b), fixes the enhanced intersystem crossing rate at 
1011021 sec-! and offers, as explanation of the reduced yield, a reduction of the 
rate of internal conversion. This situation could conceivably arise if the crossing 
line of the two excited states was at a most unfavourable nuclear configuration. 


[8] D. S. McCiure, J. Chem, Phys. 17, 905 (1949). 
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Under these conditions a molecule might remain in this upper state for quite a few 
vibrations. The lifetime of the radiative process S, — So is of the order of 10~-" sec 
for anthracenic molecules. Thus if case (b) is correct, the reduction in fluorescence 
yield should be due to internal conversion competing with the two processes 
S, — Sy (radiative) and S,—> 7’, (non-radiative). 

The number of quanta which do not appear as 5, > S, luminescence when the 
excitation is into the state S, is given by (1) in terms of g, and gg. .s,, the relative 
yields of upper-state intersystem crossing and S, — S, emission, respectively. 


— dexp Fi T (1) 


where ¢,,, is the observed relative field. which is defined as unity when the initial 
excitation is to state S, . @s,.s, is added to the right-hand side of (1) because of 
the nature of the detector. The higher-frequency luminescence is assumed to be 
Table 1. The relative fluorescence yield of dibromoanthra- 

cene when excited at wavelengths less than 2750 A 


at various concentrations in absolute ethanol 


Concentration 
(moles/1.) 


%(3000 A 
dy xp (2600 A) 


10 0-554 
3-75 10 0-558 46-8 
9.5 10 4 0-556 34-6 


lo 0-563 10-4 


completely screened from the photomultiplier by the intervening filter. However, 
some of the S,—~ S, emission will be reabsorbed in the lower-energy absorption 


band associated with state S,. This will result in a reduction in the value of 
(1 dex») such that 


(1 — = + — @) (2) 


where « is the fraction of S,—> S, luminescence which is reabsorbed and sub- 
sequently remitted from S,, w ith a relative yield of unity. Thus the observed yield 
will be a function of «, and hence of concentration, in the event of S,—» Sq emission. 
At the extremes when « = Vora 1, (1— will take the values + @s,--s,) 
and @,, respectively. The extent of the variation of (1 — ¢,,,) will then be ¢ 
over a large concentration range. 

Table 1 shows some values of ¢,,, at various hydrocarbon concentrations. The 
value Of ago, the fraction of light absorbed at wavelength 3000 A, is also shown 
on the figure. In this case there was no detectable S, — So emission in the region 
2700-3500 A, as evidenced by the constancy Of dix»: 

The experiments described have failed to show any variation of (1 — dexp) 
within the limits of error. As the error was around | per cent and the two processes 


of intersystem crossing and S, —> So emission are competitive, it follows that 


(3) 
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It follows from (3) that 


7,[Ts,+s, < 10-* (4) 


S, — S, may be taken as around one-twentieth of the radiative lifetime of S, ~ S, 
emission for anthracenic molecules while the value of ts, .5, is usually about 10~-° 
sec. Thus it is possible to obtain an upper limit of r,, 


where 7, and Tg,-s, are the lifetimes of the processes. The radiative lifetime of 


7, <5 xX sec 

Clearly, 7,, which is the half-life of the process which is responsible for the 
removal of quanta from the upper state, is of the same order as the average time 
for an internal conversion between S, and S,. The absolute yield of fluorescence of 
9:10-dibromoanthracene is 0-16 [9] which means that the absolute value of ¢, is 
0-09. 

One further point was clarified in the case of dibromoanthracene. The value 
of ¢,x, was independent of concentration over the range examined; therefore the 
process responsible for the reduced yield was not dependent on interactions between 
dibromoanthracene molecules. Also the value of ¢,,, did not depend on the nature 
of the solvent when this was ethanol or light petroleum ether. It is reasonable to 
conclude that the process is truly intramolecular. In this context it is worth noting 
some observations which were made on the quantum yield of phosphorescence of 
dibromoanthracene [10]. It is apparent that if the interpretations of an enhance- 
ment of intersystem crossing in the upper state is correct then the quanta which 
did not appear as normal fluorescence should have populated the triplet levels of 
the molecule. Then if the internal conversion between triplet states was as 
efficient as between singlet states, and there is no reason to believe otherwise, the 
phosphorescence yield should have increased with increasing excitation energy. It 
has been found that the total long-lived luminescence efficiency (this was not 
analyzed spectrographically but only photometrically) from 9:10-dibromoanthra- 
cene increased by a factor of 2 as the excitation wavelength was reduced from 
3650 A to 2537 A. It is well known that the phosphorescence spectra from this 
molecule are complicated, even at excitation 3650 A, because of the instantaneous 
production of photoproducts [11]. However, these experiments did not exclude the 
above interpretation of the meaning of 9. 

If excitation at 2500 A resulted in an increased population of triplet levels it 
would be expected that reactions for which there is strong evidence of triplet 
intermediates, would proceed with a wavelength-dependent quantum yield. The 
formation of the transannular photo-oxide is a reaction of this type. The quantum 
vield of photo-oxidation was measured at various exciting wavelengths [10] but 
owing to the occurrence of side reactions involving radicals it was impossible to say 
that the primary photochemical step was different when the initially excited state 
was not the lowest (S,). 


{9} F. 1. Porpvirxov, Doklady Akad, Nauk S.S.S.R. 71, 453 (1950). 
{10} R. M. Hocusrrasser. Unpublished results. 
{11} M. R. Papuye, 8. T. McGiywnn and M. Kasna, J. Chem. Phys. 24, 588 (1956). 
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The basic anthracene nucleus is endowed with z-electron nodal properties 
which render the lowest excited state, or fluorescent state, insensitive to substituent 
perturbations. For example, in the series of halogeno naphthalenes the 7’ — 8 
lifetime is decreased by a factor of 10~* from naphthalene to / iodonaphthalene [8]. 
On the other hand, in the analogous anthracene series there is little change in 
lifetime [11]. The main effect of the substituent involves the increased spin—orbital 
interaction which removes some of the spin-forbiddenness of the 7' —> S transition. 
The presence of heavy atoms must also effect the rate of intersystem crossing from 
the lowest singlet to a triplet state thus changing not only the lifetime but the ratio 
of the phosphorescence to the fluorescence quantum vield [1]. The fluorescence 
yield in naphthalene is about 0-57 and the phosphorescence yield is 0-10 [12, 13). 
Thus the ratio ¢,/¢, is 0-18. Thus the rate of intersystem crossing is approximately 
given by 0-18 +, where 7, is the normal fluorescence lifetime. KasHa and NauMAN 
[14] have obtained a value of 0°33 10-5 see for r,. On the assumption that heavy 
atoms such as iodine may effect this by a factor of around 10° it may be concluded 
that the approximate rate of intersystem crossing in iodonaphthalene is 10°10? 
sec-!. It is clear that the iodine atoms in iodonaphthalene are able to influence the 
7 electrons quite considerably whereas with anthracene this is not the case. 
However, it might well be that the nodal distribution of the long axis polarized 
(2500 A) state of anthracenes is such that 9:10-substituents may now affect the 
z-electrons by, for example, relaxing the spin selection rules. 

Thus one would expect intersystem crossing from this state to be a possible 
process but, using the 10° factor as for naphthalene, it could occur only at a rate 
less than 10% sec~!. Here the phosphorescence—fluorescence yield ratio was taken 
to be about 10-* and the fluorescence lifetime as 10~® see and the calculation is very 
approximate. It can be seen that before intersystem crossing between upper 
excited states may occur in anthracenic molecules the relative intersystem crossing 
rates in the lower and upper states, must be of the order of 107:1. Otherwise 
the ratio of internal conversion must be considerably reduced from its normal 
value of 10'* sec~'. 

The present experiments have indicated that the step which results in the loss 
of energy which would otherwise appear as fluorescence (S, — Sp») can compete 
favourably with a normal rate of internal conversion. It is thus felt that the fall- 
off in luminescence yield is caused by photodissociation of the C— Br bond. One 
might expect that the extent of mixing with the C Br continuum (Ajax 205 my) 
would vary with the nature of the excited z-state in a molecule such as dibromoan- 
thracene. Consequently the quantum yield of predissociation to radicals would 
vary with excitation wavelength throughout the region where two different states 
are being excited. This might be the situation in the region of 3000 A, where, of 
course, the direct absorption into the C—Br continuum is negligible. This is some- 
what supported by the observation [15] that 9-bromoacridine shows no variation 
of fluorescence vield with wavelength over the region 2500-3800 A. The acridinic 


12) FE. H. Gruimore, G. E. Greson and D. 8. McCiure, J. Chem. Phys. 20, 829 (1952). 
[13 E. H. Grrmore, G. E. Greson and D. 8S. McCiure, J. Chem. Phys. 23, 399 (1955) 
14) M. Kaswa and R. Nauman, J. Chem, Phys. 17, 516 (1949) 

fl5) R. M. Hocusrrasser, Can. J. Chem. 38, 233 (1960). 
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and anthracenic types probably differ, 7-electronically, only in the magnitude of 
the z-electron densities at the carbon atoms. The acridine case may, however, be 


complicated by the presence of *+1(n,7*) states. 


Conclusions 

A fairly general indirect method for the detection of S, —> S, luminescence was 
described using dibromoanthracene as an example. There was reason to believe 
that this might have been a favourable system for such an experiment but no 
luminescence of this nature was detected. The method consisted of measuring the 
total emission (fluorescence) at a given wavelength relative to that at a standard 


wavelength. The experimental arrangement was such that only light above a 
certain wavelength was detected by the photomultiplier system and consequently 
any emissions with spectral regions at higher energy than this were either 
reabsorbed and detected after re-emission or simply not detected. Each of these 
would result in a decrease of the observed yield. Dibromoanthracene was chosen 
because its fluorescence yield is known to vary with the wavelength of excitation 
although the reason for this variation is not certain. In order that this method be 
most useful the following points must be considered. 

(1) The limit of detection depends on the absolute value of the S,— S, 
luminescence yield. If this is of the order of unity then, with refinements, there 
seems to be no reason why S, — S, yields of the order of 10-* could not be measured. 

(2) The method depends on the spectral location of the absorption bands of the 
molecule. It is necessary that at least two strong bands be separated by a fairly 
deep trough. Such is the case with most aromatic molecules, polyenes and dyestuffs. 

(3) The S, — S, emission must not be separated from S, <S, absorption by 
more than the S,—S, separation. In this case there was 7000 cm~! between the 
onset of S, <— S, absorption and the onset of very strong absorption to the first 


singlet state. 

(4) The luminescence from impurities is not likely to be overlooked. Any 
impurities will be shown up immediately in the excitation spectrum which would 
then cease to be a smooth curve of the type shown in Fig. 1. 

(5) The light intensities used in this arrangement are very low and consequently 
processes which depend on the second power of the incident quanta may be 


neglected. 

In conclusion it may be said that there appears to be no reason why 
luminescence of low yield should not be emitted from upper electronic states. The 
favourable cases are those molecules which have very intense absorptions, i.e 
short radiative lifetimes. Unfortunately most molecules of this type belong to the 
class of extended conjugated systems or dyestuffs with powerful chromophoric 
groups and many of these molecules are photochemically unstable in solutions or 
rigid glasses. The method that has been described here will certainly aid in the 
characterization of such luminescences when the favourable cases are uncovered. 

It is worthwhile observation to note the compounds which were previously 
examined by this method such as numerous hydrocarbons by Frreuson [7] 
including many rigid-glass experiments; hydrocarbons and heterocyclics in rigid 
glasses by HocusTRaAsseEr [6, 15] and a variety of organic molecules by WeBeEr and 
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TEALE [16]. It is unlikely that any of these compounds have unit quantum yields 
of fluorescence so it can be concluded that no 8, —> 8, emission occurred in these 
cases. These investigations cover quite a large range of molecules and it is apparent 
that much lower temperatures than 80°K will be required before such emission may 
be observed. A suitable system may be the matrix isolation set up which has been 
developed by Becker and Pimenret [17]. Here again one is going to meet many 
difficulties; for example even in an isolated molecule at less than 4°K the 
probability of non-radiative energy transfer between two electronic states must 
still be high. After all, this type of transfer efficiency is already known to be high 
when these states belong to different molecular species at low temperatures in 


solutions, rigid glasses or crystals [5}. 


Through these experiments it was possible to reach a fuller understanding of 
the intramolecular processes in 9:10-dibromoanthracene when it was excited to its 


upper electronic state (i.e. below 3000 A). 
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16) G. Weper and F. W. J. Teare, Trans. Faraday Soc. 54, 640 (1958). 
17) E. D. Becker and G. C. Prwentet, J. Chem. Phys. 25, 224 (1956). 
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and assignments of the frequencies of its NH. group 


M. Tsusor 
Department of Chemistry, Faculty of Science, Tokyo University, Hongo, Tokyo, Japan 


(Received 4 January 1960) 


Abstract—Infrared absorptions of aniline in which 31-9 per cent of nitrogen is ©N and 68-1 per 
cent is “N were examined in dilute CCl, and CS, solutions by means of a grating instrument. 
q For five bands at 3481-4, 3395-2, 1618-9, 1276-1 and 1114-6 em™ appreciable isi itope shifts were 


observed. It was shown that these bands are to be assigned, respectively, to NH, ant isymmetric 
stretching, NH, symmetric stretching, NH, bending, C—N stretching and NH, rocking (or 
twisting) vibrations. 


Introduction 


One of the interesting problems in the infrared study of aniline is that of the 
structure of the aromatic NH, group. It has been shown that in the NH, group of 
methylamine (a representative aliphatic amine) the nitrogen valence bonds are 
pyramidal, its atomic orbital being approximately sp*-hybridized, whilst in the 
NH, group of formamide (a representative amide) the nitrogen valence bonds are 
planar, its atomic orbital being near to sp*-hybridization [1-3]. Of the NH, group 
of aniline (a representative aromatic amine), however, the geometrical and 


electronic structures are not yet clear. 

One approach to this problem is to inquire, where the frequencies of the 
aromatic NH, group of aniline appear, and whether these frequencies are close to 
those of the pyramidal-type NH, group or to those of the planar-type NH, group. 
Previous work on the infrared spectra of aniline, N-deuterated aniline and 


related compounds in the gaseous [4] and liquid [5] states and in solutions [5, 6] has 


not yet given conclusive answers to the questions. 

In order to obtain new information on the nature of the normal vibrations in 
aniline, examinations were made by the writer of the effects of '°N substitution 
for 'N on its vibrational frequencies. The purpose of this paper is to present the 


results of the examinations and to show a reasonable set of assignments of the NH, 


frequencies in aniline. In the last part a comparison is to be made of the NH, 
frequencies thus assigned in aniline with those of methylamine and formamide. 
The assignments shown here enable us to estimate the internal potential constants 


of the NH, group of aniline, which will be given in a later paper with a discussion 
of the structure of the aromatic NH, group. 


[1] K. Suiopa, T. Nisnrkawa and T. Iron, J. Phys. Soc. Japan 9, 974 (1954); T. Iron, Ibid. 11, 264 
(1956); T. Nisurkawa, Jbid. 12, 668 (1957); D. R. Ling, J. Chem. Phys. 27, 343 (1957). 

[2] R. J. Kurianp and E. B. Wirson, J. Chem. Phys. 27, 585 (1957); J. Lapewt and B. Post. Acta 

Cryst. 7, 559 (1954). 

| W. J. Onvitie-Tuomas, Chem. Revs. 57, 1179 (1957). 

| V. WriuiaMs, R. HorstapTer and R. C. Herman, J. Chem. Phys. 7, 802 (1939). 

| S. Catrrano and R. Moccia, Gazz. chim. ital. 87, 805 (1957). 

| H. Ricurerine, Z. physik. Chem. (N.F.) 9, 393 (1956). 
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Experimental 
A sample of aniline in which 31-9 per cent of nitrogen is 15N and 68-1 per cent is 
“4N was used in the present experiment.* From this sample dilute solutions in 
carbon tetrachloride and of carbon disulphide were prepared (0-01-0-05 mole/1.). 


r 


ibsorbance 


(It was ascertained by examining the 3-4 region that upon dilution to 0-0! mole/l. no 

appreciable intermolecular hydrogen bonding occurs.) Similar solutions were 

repared with ordinary aniline in which 99-62 per cent of nitrogen is *N. In the 
| ; 


infrared absorption measurements a variable thickness cell was used. The optical 
ample, which was prepared by Prosser and Exret [7], was kindly provided for the writer's 

infrared study bv Professor S. Mizusuia, to whom the writer is most appreciative 

7) T. J. Prosser and E. L. Exvrer, J. Am. Chem, Soc. 72, 2544 (1957). 
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path length for every 31-9°,-!5N-aniline solution was adjusted to be 99-6/68-1 times 
that for the corresponding solution of ordinary aniline, so that the absorbance 
due to the 'N-aniline is equal in these two systems, and the absorbance due to the 
'®N-aniline is easily read as the difference in the observed absorbance between the 


two (see Fig. 1). 

A precise infrared absorption measurement was carried out in the range of 
3600-600 cm~' using a Perkin-Elmer 112G grating spectrometer, with a 75 
lines/mm grating and a KBr fore-prism. The wavelength calibration for the spec- 
trometer was made with known frequencies of 296 absorption lines reported in a 
previous paper [8]. The measurement in the 600-450 em~! region was made by a 
Hilger H800 spectrometer with a KBr prism. 


Wave number, cm 


700 500 


3 


Per cent transmission 


/ 


Fig. 2. Infrared absorption spectrum of aniline in its dilute carbon tetrachloride 
3600-1400 em~') and carbon disulphide (1400-450 solutions, mostly determined 
by the use of a grating instrument. Dotted lines indicate the portions of the spectrum 


where the measurement was less accurate than in other portions because of the strong 


absorptions of the solvent (( S,) or because any grating instrument was not used there. 
The arrows indicate the bands which show appreciable }*N isotope shifts. 


The infrared spectrum of aniline in dilute solutions (solvents used being carbon 
tetrachloride in the 3600-1400 cm~! region and carbon disulphide in the 1400- 
450 cm~' region) is shown in Fig. 2. As is seen in the figure, there are thirty-three 


bands observed in the spectral range of 3600-450 em~!. One of these at about 


493 cm~' is out of the range of the grating instrument. The frequencies of five 


others at about 1190, 1173, 926, 901 and 870 cm~! cannot be measured accurately 


because of interference by the solvents. The remaining twenty-seven absorption 


bands were subjected to the precise measurement. Five of these show appreciable 


isotope shifts (Ayr lem~'). Their frequencies and shifts are given in Table 1. 


The amounts of the isotope shifts are given not only by the frequency, Ar (em='), 


but also by 


AA 


where 


¢ being the light velocity and » the observed frequency (in em~') at the maximum 


absorpt ion. 


[8] S. MizusHia, Report on the Perkin-Elmer Grating Spectrophotometer Mode 112-G. Perkin—Elmer 
Corporation, Norwalk (195%). 
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Table 1. “N isotope shifts in the vibrational frequencies 
of aniline in dilute CCl, and CS, solutions 


Frequency, v Shift 
em 
Assignment 
uy species species m-! 
8481-4 3471-7 0-00556 NH, antisym. stretch 
‘ 3395-2 3329-8 5-4 0-00318 NH, sym. stretch 
1618-9 1612-9 60 00-0074 NH, bend (+C—N str.) 
q 1276-1 270-9 5-2 0-0081 CN str. (+ NH, bend) 
- 1114-6 1112-2 24 0-0043 NH, rock (or twist) 


( +CH in-plane bend) 


An estimation of the isotope effects on some ideal vibrations 
along symmetry co-ordinates 
According to a perturbation treatment for the isotope shift due to small mass 
change [9], the values of A/,//,° for the th normal vibration may be taken to be 
equal to the diagonal element A,, of the matrix A, where 


A = AGL,’ 
( 
or Aa, = S( ad Le ie 


in which L, is the L-matrix for the ''N species that connects a set of symmetry 
co-ordinates S, and the set of normal co-ordinates Q,, and 


AG = G — @ 


G and G® being the G-matrices for the '°N and N species, respectively. If a certain 

normal co-ordinate (, is nearly equal to a certain symmetry co-ordinate S,, then all 

the (L,~'),,, are nearly zero except (L,~'),,, which is nearly equal to 1//(G@*,,) 


since (Lo) Le). = Therefore, in this case, 


AA, 


i,° 


(2) 


The molecular symmetry of the aniline molecule is C,, or C, depending upon 
whether the NH, group is planar or pyramidal. For each of these the symmetry 
co-ordinates, according to the usual expression, may be given as in Table 2. 
In Table 3 are given the values of A/,//,° calculated from equation (2) on the 
basis of the following three geometrically different models of the molecule: 
(1) Planar (C,,) model with the HNH angle (6) 120°. 
(2) Planar (C,,) model with the HNH angle (4) 107°. 
(3) Pyramidal (C,) model in which the HNH and two CNH angles are all 
tetrahedral (109-5°). 


[9] E. B. Wirson, J. C. Decrus and P. C. Cross, Molecular Vibrations p. 188. McGraw-Hill, New York 
(1955). 
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Assignments of the NH, group frequencies 


1. NH, stretching frequencies 


Two bands observed at 3481-4 and 3395-2 cm~' are assigned to the NH, 
stretching vibrations since they are in the expected frequency region and show 15N 
isotope shifts. 

Each of the NH, symmetric and antisymme tric stretching modes is considered 
to be almost se parated from other vibeationss modes in the normal vibrations in 
the aniline molecule. Hence the A///® values calculated from equation (2) for these 
two vibrational modes have much more significance than the values for other 


Table 2. Some of the symmetry co-ordinates in the aniline molecule 


For C,,model For C. model 


9 Symme tric stretching 


NH, symmetric stretching NH, 
A, NH, bending NH, bending | 4’ 
C—N stretching C—N stretching 
B, NH, wagging NH, wagging 
B, | NH, antisymmetric stretching NH, antisymmetric stretching ) 
| NH, rocking NH, twisting A” 
NH, twisting NH, rocking 


Table 3. Calculated and observed isotope shifts, Aj/7® of aniline 


Ai/2®, calculated for the model 
Symmetry Observed Frequency 
co-ordinate Planar Planar Pyramidal 


120 with 6 107 with 6 109-5 


with 6 


NH, antisym. str. 0-00645 0-00566 0-00582 0-00556 481-4 
NH, sym. str. 0-00230 0-00322 0-00304 0-00318 3395-2 
NH, bend 0-0065 0-0057 0-0052 0-0074 1618-9 
C—N atr. 0-0307 0-0307 0-008 | 1276-1 
N rock (B 

H, rock | 0-O111 0-0126 0-0080 0-0043 1114-6 


or NH, twist (A”) | 


vibrational modes. Both of these A//2° values depend almost solely upon the value 
of the HNH angle (?) “ the NH, group in question. Since the ang ‘le 6 here is no 
doubt obtuse, the A//2° value for the antisymmetric stretching frequency must be 
greater than that for the symmetric omy tching frequency. Therefore the frequency 
2481-4em—!. with the greater A//2® value, is assigned to the antisymmetric 
stretching vibration, and the frequency 3395-2 cm ! with smaller AA 2° value to 
the symmetric one. As is seen in Table 3. the observed values of A//2° are in better 
agreement with those calculated on the assumption that 6 = 107° than with those 
calculated on the assumption that 4 120° or 6 = 109-5°. A more detailed 


discussion on this point will be given in a later paper. 
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2. NH, bending and C—N stretching frequencies 

The NH, bending frequency is expected to be at about 1600 cm 1 and the C—N 
stretching frequency in the 1200-1300 cm 1 region. Two bands observed at 1618-9 
and 1276-1 em~! are in the expected regions and show definite '°N isotope shifts. 
Therefore these may be assigned respectively to the NH, bending and C—N 
stretching vibrations. However the observed A//2® value is greater for the former 
and smaller for the latter than the corresponding value calculated from equation (2) 
(see Table 3). This may be interpreted as indicating that the NH, bending and 
(—N stretching modes are coupled with each other in the normal vibrations of the 
aniline molecule. This view is supported also by the examination of the N- 
deuteration effects (see Section 5) below. 


3. NH, rocking (B,) or twisting (A") frequency 

A weak band observed at 1114-6 em=! in the CS, solution is considered to be 
related to the NH, rocking (if the NH, group is in a planar form) or NH, twisting 
(if the NH, group is in a pyramidal form) mode for the following reasons: 

(a) It shows definite '5N isotope shift. 

(b) Its frequency is in the expected region [10-14]. 

(c) Its counterpart in the liquid spectrum is observed at a little higher 
frequency, 1119em~!, with much broader width and a little weaker 
intensity.* This is just as is expected for the NH, rocking (or twisting) 
band. 

(d) The band at 1119 em! just mentioned disappears on N-deuteration [5]. 

As may be seen in Table 3, however, the observed value of A4/2® for this band is 
smaller than the calculated one. Hence, it is evident that the normal vibration for 
this band is not the pure NH, rocking (or twisting) vibration but is a vibration in 
which the NH, rocking (or twisting) mode is coupled with some other B, (or A“) 
vibrational modes. 

A weak band at 1053 cm~ in the liquid spectrum, whose counterpart is found 
at 1055-8 cm=! in the solution spectrum, also disappears on N-deuteration [5]. For 
this band, however, the frequency shift in going from liquid to solution takes 
place in the opposite direction to that expected for the NH, rocking (or twisting) 
band [5].* In addition, this band does not show any appreciable 1°N isotope 
shift (Av < 0-5 em). Therefore this band is not considered as the one to which 
the NH, rocking (or twisting) vibration gives the largest contribution. However, 
it is probable that the NH, rocking (or twisting) vibration would give the second 
largest contribution to this normal vibration at 1055-8 em~?. 

The view that the NH, rocking (or twisting) mode participates in both the 


* The writer made infrared measurements on liquid and gaseous aniline, too. The results will 
be detailed elsewhere. 


10) C. L. Ancett, N. SuHerrarp, A. Yamacucui, T. T. Mryazawa and S. MizusHIMaA, 
Trans. Faraday Soc. 53. 589 (1957); A. Yamacucui, Nippon Kagaku Zasshi 78, 672, 694 (1957). 
11) A. Yamacuent, T. Mryazawa, T. Samanovcni and 8. Mizusuima, Spectrochim, Acta 10, 170 (1957); 
A. Yamacucnui, Nippon Kagaku Zasshi 78, 1319, 1467 (1957). 
12) T. Mryazawa, Nippon Kagaku Zasshi 76, 821 (1955). 
. 13) J. C. Evans, J. Chem. Phys 22. 1228 (1054 
: 14) A. P. Gray and R. C. Lorp, J. Chem. Phys. 26, 690 (1957); A. Yamacucni, Nippon Kagaku Zasshi 


80, 1105 (1959) 
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4N isotope effects on the vibrational frequencies of aniline 


normal vibrations 1114-6 and 1055-8 em~! is supported also by the results of the 
examination of the N-deuteration effects (see Section 5 below). 


4. NH, wagging frequency 

The NH, wagging frequency is expected in the region of 700-900 em-!. No 
band is found in the solution spectrum nor in the vapour spectrum* that is to be 
assigned to the NH, wagging mode in this region. However, a broad band with its 
centre at about 700 cm~! is observed for the liquid state of aniline [5]*, but does 
not appear for the liquid state of ND,-aniline [5]. A similar band is observed for 


Table 4. A summary of the N-deuteration effects on the liquid spectrum 
of aniline [5], and their interpretation 


Bands which appear in the Bands which appear in the 

spectrum of undeuterated spectrum of N-deuterated 

aniline but not in that of aniline but not in that of Product rule test 
N-deuterated aniline undeuterated aniline 


‘requency ‘requency Calculate 
Frequenc} Assignment Frequency Assignment Observed ratio ul ulated 
ratio 


NH, bend 1301 str. 
1-36 


and 


C—WN str. A’ 1150 ND, bend 


NH, rock 


CH in-plane 
(or twist) | 


bend 


ND, rock | 


and 
CH in-plane 
bend 


(or twist) 


NH, wag ’ 600 


formamide in its liquid and solid states [12], but not in the vapour [13]. This band 
is reasonably assigned to the NH, wagging mode of formamide [12]. Therefore it 
is very probable that the broad band of liquid aniline around 700 em~! is due to 
the NH, wagging mode. 


5. ND, group frequencies 

Infrared absorption of N-deuterated aniline was observed by CaLirano and 
Moccia [5] in its liquid state. The results show that all the bands of liquid aniline 
shift only very slightly on N-deuteration except those given in Table 4. 

Instead of the two bands at 1621 and 1277 em~! of undeuterated liquid aniline, 
which are considered to correspond, respectively, to the 1618-9 and 1276-1 cm~' 
bands already mentioned (see Section 2), two bands are found at 1301 and 1150 
em~! in N-deuterated liquid aniline. These may be assigned, respectively, to 
almost pure C—N stretching and ND, bending vibrations. Instead of the two 
bands of undeuterated aniline at 1119 and 1053 cm~-! already mentioned (see 


* See footnote p. 510. 


1621 | 
1277 
> 
| I or 1-37 1-36 
| 1053 | | 1078 703 
bs B, B, 
700 ND, wag | or 
1 A’ A’ 
3 
4 
‘dl 
l ] 
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Section 3) two bands are found at 1078 and 797 cm~' in N-deuterated aniline. These 
may be assigned, respectively, to a B, (or A") vibration (probably a C—H in-plane 
bending vibration) and the ND, rocking (or twisting) vibration. 

The assignments presented here are in satisfactory agreement with the product 
rule, as may be seen from the last column of Table 4. 


Table 5. Comparison of the NH, frequencies (em 1) of 
formamide, aniline and methylamine 


C,H,NH, 
HCONH, CH,NH, 


(gas) 


Assignment 
(in dil. soln.) 


NH, antisym. str. 354: 3498-0 3481-4 
NH, sym. str. 345 3415-3 3395-2 
NH, bend 1572 1619 1618-9 
C—N str. 25: 273 1276-1 
NH, rock (planar) 

or twist (pyramidal) 1059 1114-6 
NH, wag 

(700 in liq.) (700 in liquid) 


Discussion 
As has been stated, five frequencies of aniline in dilute solutions are assigned 
to its NH, vibrations. Four of these are also identified in the spectrum of the gas.* 


These frequencies are given in Table 5, together with the corresponding frequencies 
of formamide [13] and methylamine [14] in their gaseous states. A comparison of 
the NH, stretching frequencies shows that the NH, group of aniline has an inter- 
mediate structure between those of the NH, groups of formamide and methylamine. 
On the basis of the NH, deformation frequencies and C—N stretching frequencies, 
the NH, group of aniline seems to be close to that of formamide rather than to that 
of methylamine. 


Acknowled The writer wishes to express his sincere thanks to Professor SAN-ICHIRO 
MiIzvUSHIMA and fessor TAKEHIKO SHIrMANOUCHI for their valuable suggestions. 
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RESEARCH NOTES 


Contaminant absorption bands in the infrared spectra of inorganic fluorides 


(Received 22 February 1960) 


WE WIsH to bring to the attention of spectroscopists working with inorganic fluorides and 
other halides the frequent occurrence of the absorption bands of Na,SiF,(c) at 13-75 yu [1] 
and of SiF,(g) at 9-7 uw [2] and 8-2 yw [3] in the spectra of these compounds. SiF, may be 
present either adsorbed as an impurity in commercial samples or as a result of the reaction 
between the fluoride and glass in the course of the experiment. The Na,SiF, is formed in the 
reaction of SiF, with a sodium chloride cell window. The removal of Na,SiF, from a 
spoiled window may require extensive repolishing even though the window shows no 


visible signs of attack. 

We have observed the band at 13-75 uw in the examination of infrared spectra of AIF, [4], 
BeCl, and BeF, [5], ZnF,, SbF, and NH,BF,. In the cases of BeCl,, BeF,, AIF, and ZnF, 
the spectra, run in the vapor phase at elevated temperatures in stainless-steel cells 
(BeCl, and BeF,) and zirconia-tube furnaces (ZnF,), showed strong bands also at 9-7 and 
8-2 uw corresponding to SiF,. When ZnF, or BeCl, were heated in a stainless-steel tube and 


the vapors condensed onto sodium chloride windows, a strong 13-75 u band and ev idence 


of weak bands at 9-7 and 8-2 ~ appeared. Since in these circumstances there had been no 


contact with a silicon compound (other than the bottles in which the materials were stored) 
we concluded that commercially available samples of ZnF, and BeCl, contain absorbed 
SiF,. On the other hand the condensed vapors of purified samples of SbF, and NH,BF, 
produced such infrared bands only when they had been heated in glass tubes and not when 


heated in stainless-steel tubes. 

We also exposed a sodium chloride window to the vapors of fluorine and hydrogen 
fluoride. The window exposed to fluorine gave a band at 13-75 uw presumably because SiF, 
was formed in the 6-in. glass delivery tube. No band at 13-75 mw was formed with HF which 


was delivered through polyethylene tubing. 


Arthur D. Little, Inc., Cambridge, Mass. W. R. 
University of Amsterdam, Amsterdam, Netherlands J. A. A. KETELAAR 
Arthur D. Little, Inc., and Harvard University, A. BUCHLER 


Cambridge, Mass. 


F. A. and C, H. Anal. Chem. 24, 1253 (1952). 

2) G. Herzperec and L. Herzperc, American Institute of Physics Handbook p. 7. McGraw-Hill, New 
York (1957). 

3) C. R. Batrey, J. B. Have and J. W. Tuompson, Proc. Roy. Soc. (London) A 167, 555 (1938 

C. R. Newman. Private communication (195%) 

5] A. BUcuier and W. A. Kiemrerer, J. Chem. Phys. 29, 121 (1958 
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Research Notes 


The use of nitrogen-15 for the characterization of infrared bands 
arising from nitrogen vibrations* 


(Received 17 December 1959; in revised form 3 March 1960) 


For several years a project has been conducted in this Laboratory on the utilization of 
nitrogen-15 for the characterization of the nitrogen vibrational modes in organic compounds. 
A very extensive study of benzamide and several monosubstituted amides is being com- 
pleted and will be reported later in a more detailed form. However, it appears appropriate 
to report at this time the results of less extensive studies on other nitrogen-containing 


Table 1. Observed frequencies in n-hexyl nitrite and its nitrogen-15 analog 


Frequency Nu Frequency 
Ratio 
compound compound Comments 


(em!) (em™) 


2975-2 2973 ool 
2947-0 2945 
2886-6 000 
Ooo 
2736-3 2742:: 998 
*1651-5 1622 OS N-O stretch of trans form in agreement 
with previous assignments [1-6] 
*1606-7 1583 O15 N==O0 stretch of cis form in agreement 
with previous assignments [1-6] 
1469 1469 
1460 1460 Ooo 
1439 1438-4 000 
1417 OO] 
1380 
1300 
1271 ool 
1220 012 ‘_-O——N asymmetric stretch for cis form 
L174 997 
1119-2 
1056-: 
1031 Ooo 
918 Ol4 'O—N asymmetric stretch for trans 
form 
773 O13 N=0O in-plane bend for trans form 
729-2 (4 “—O—-N symmetric stretch for trans 
form 
677 N=O in-plane bend for cis form 
*674-6 670-4 OOD ‘—O—N symmetric stretch for cis form 
*658-1 656-3 003 “ON in-plane bend (cis or trans) 
*599-2 594-7 00S ‘ON in-plane bend (eis or trans 


* These bands show signific ant shifts 
* Contribution No. 830. Work was performed in the Ames Laboratory of the Atomic Energy 
(Commission 
Parte, Bull. soc, chim. Belges 60, 227 (1951) 
Tarte, Bull. soc. chim. Belges 60, 240 (1951 
. Tarte, J. Chem. Phys. 20, 1570 (1952). 
DOr and P. Tarre. J. Chem. Phys. 19, 1064 (1951). 
N. Haszevprxe and J. Janper, J. Chem. Soc. 691 (1954) 
J. Wacner, J. phys. radium 15, 526 (1954) 


514 


4 
VOL. 
> 
16 
| 1960 
: 


Research Notes 


compounds. The compounds included in this work are the nitrogen-14 and nitrogen-15 
analogs of n-hexyl nitrite, benzenediazonium chloride and p-N,N-dimethylaminoazoben- 
zene. All of the isotopic-substituted compounds contained >95 atom per cent nitrogen-15. 

The spectra of these compounds were run on a Perkins—-Elmer Model 112 single-beam 
double-pass spectrometer with LiF, CaF,, NaCl and KBr optics used in the appropriate 


Table 2. Observed frequencies in benzenediazonium chloride and its nitrogen-15 analog+ 


Frequency Nu Frequency N15 
‘ Ratio 
compound compound NM/N15 Comments 
(em?) (em™) 


3089-2 0-999 


3087-8 


3041-2 3040-9 1-000 
3010-8 3010-8 1-000 
*9302-1 2227-5 1-033 —~N=N stretching vibration in agree- 
ment with previous assignments [8, 9] 
1576-6 1576-6 1-000 
1548-4 1549-0 1-000 
1527-5 1527-5 1-000 
1513-8 1513-8 1-000 
*1499-9 1477-8 1-015 C—N stretching vibration 
1496-5 1494-4 1-001 
1463-0 1462-9 1-000 
1440-7 1440-7 1-000 
1423-6 1424-1 1-000 
1313-2 1313-0 1-000 
1180-7 1181-9 0-999 
1156-4 1156-4 1-000 
1085°1 1084-0 1-001 
1022-3 1021-5 1-001 
769-9 770-8 0-999 
758-9 758-6 1-000 
669-9 668-4 1-002 
622-5 620-8 1-003 4 
*518-4 510-6 1-015 C—N=N in-plane bending mode 


* Both nitrogens were replaced by N™. 
+ These bands show significant shifts. 


regions. The prisms were calibrated using the normal procedures [7]. The n-hexy] nitrite 
and the p-N,N-dimethylaminoazobenzene were run in CCl, and CS, solutions except for 
the brief wavelength region where both solvents absorb. Here, solutions in n-hexanol were 


used. The benzenediazonium chloride samples were run as KBr disks. As a result of sample 


decomposition, fresh disks were prepared at frequent intervals. 
The measured frequencies for both the nitrogen-14 and nitrogen-15 compounds, the 
calculated frequency ratios, and assignment comments are found in Tables 1, 2 and 3. 


n-Hexyl nitrite (Table 1) 
The existence of both the cis and the trans form of this molecule has been previously 
reported [1, 5, 6). Therefore, in making assignments it is necessary to consider both of the 


7| A. R. Downie, M. C. Macoon, T. Purcect and B. Crawrorp, Jr., J. Opt. Soc. Am. 48, 491 (1953). 
8| M. Aronry, R. J. W. LeFbvre and R. L. Werner, J. Chem. Soc. 276 (1955). 
{9} K. B. Wuerser, G. F. Hawxuns and F, E. Jounson, J. Amer. Chem. Soc. 78, 3360 (1956). 
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isomers of R--O—-N--O. The data obtained indicate that the N=—-O vibrations are fairly 
independent of the remainder of the molecule. Thus, four frequencies can be assigned to 
essentially the N-—O stretching and the O—N--O in-plane bending mode for both the eis 


and the trans torn The assignments otf the other modes are more questionable. The force 


constants for C—O and O—N are similar; hence considerable interaction between these 


lable 3. Observed frequencies of p-N.N-dimethvlaminoazobenzene and its nitrogen-15 analogt 


Frequency N™ Frequency 
and «15 Comments 
3057-1 OO] 
2912-2 2924-7 0-996 
O-aag 
2821-4 1-000 
2650-7 2650-6 1-000 
2556-1 2553-3 
1601-1 1509-5 
1522-9 1522-5 
*1463°5 1012 N-=N stretch 
1443-9 1445-4 0-999 
1439-0 1437-6 1-001 
*1423-3 1390-0 1-023 ( N out-of-phase stretch 
1362 1362-0 1-000 
1315-2 1314-9 1-000 
236-7 1237-6 0-999 
1172-0 11740 0-998 
1158-1 1158-4 1-000 
*1144°1 1140-7 1-003 N in-phase stretch 
LO68-4 1069-9 0-999 
1022-9 1023-7 0-999 


“44 


822 


766-3 766-3 1-000 

726-9 727-4 0-999 

HO0-7 691-4 0-999 

670-0 671-4 0-908 

656-5 657°3 0-998 

45-6 47-1 1-003 
°538.7 529-3 1-018 ( in-plane bend (symmetric?) 
*516-2 §12-2 1-008 ( N N-— in-plane bend (asymmetric?) 


und gnificant iftes 


Bot zo nitroger were substituted with 


yroups is exper ted. The C—O—N system can therefore be considered as a vibrational unit 
This should give rise to a symmetric and an asymmetric stretching frequency for both the 
cis and trans forms of the C—O—N group. There should also be two out-of-plane defor- 
mations for the O—N-—O group, corresponding to the cis and the trans forms of the mole 
ule. Using these assumptions, we assigned the 1235 cm~' band to the asymmetric stetching 
vibration for the cis form and the 931 em~' band to the corresponding vibration for the 
trans form. The bands at 732 cm™' and 674 cm™~' were then assigned to the C—O—N 
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symmetric stretching vibrations for the trans and cis forms, respectively. The differentia- 
tion between the cis and trans forms in both cases was based solely on intensity cons sidera- 
tions (the cis form assigned to the lower intensity band), hence the assignments are 
somewhat uncertain. The bands at 658 em~ and 599 cm~! were attributed to the C—O—N 
in-plane bending modes for the two isomers. The out-of-plane O—N=-O bending modes 
for the two isomers apparently lie below 420 em. 


Benzenediazonium chloride (Table 2) 


The three frequencies which show significant nitrogen-15 shifts can be confidently 
assigned to the modes indicated in Table 2. 


p-N,N-dimethylaminoa ~obenzene (Table 3) 


This molecule has been reported to exist in the trans form [10]. If we assume that the 
two aromatic rings are essentially point masses, the molecule would then have C,, local 
symmetry. On a purely mass basis, this assumption is probably valid. However the 
presence of the —-N(CH,), group in the para position of one of the rings should cause 
an electronic redistribution which would destroy the local symmetry sufficiently to 
permit all of the vibrational modes to be infrared active. Thus, six vibrations should be 
contributed by the —C—N—N—C group. We have assigned five of these vibrations as 
shown in Table 3, assuming that the sixth, the —C—-N--N—C— out-of-plane bend, is 
below the region studied, A similar set of assignments can be made if it is assumed that the 

C—N=N—C group is linear. In this case there would be only five vibrational modes, 
agreeing with the number found. A further investigation into the region below 420 em~! 
would be useful in resolving this question. In either case the frequencies assigned to the 
two C—N stretching modes appear high. It is possible that this is the result of an incre rased 
(C—N force constant due to the contribution of resonance structures. 


S. Gray, JR. 


Institute for Atomic Re search Vetmer A. FasseL 

and Department of Chemistry Ricuarp N. KNISELEY 
lowa State University 
Ames, lowa 


10) T. W. J. Tayvor and W. Baker, Sidgwick’s Organic Chemistry of Nitrogen. 
Press (1949). 
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BOOK REVIEW 


F. Scripner and F. Meccers: Index to the Literature on Spectrochemical 
Analysis. Part IV, 1951-1955. American Society for Testing Materials, Philadelphia, Pa., 


1959. 314 pages, $6.50. (Paper bound) 


Tuts book is the fourth in the bibliographical series which has become a standard reference source 
in analytical emission spectroscopy. The previous parts covered the period from 1920 through 
1950 with a total of 3775 references. The present volume contains 1879 references plus 12 
additional ones which were omitted from the previous parts. A brief abstract, usually copied 
verbatum from Chemical Abstracts, is included with each reference. The indexing is both by 
subject and author and little difficulty should be experienced in lo« ating the desired references. 

It is well to emphasize that this index specifically covers the analytical applications of 
spectre hemical implies a somewhat broader coverage. 


emission spectroscopy since the word 
In this specific area the coverage appears to be quite complete and this volume as well as Parts 


I to ILI are recommended additions to any spectrochemical library. 
N. KNISELEY 


ERRATUM 


H. E. Bevuis and E. J. Stowrnski: The vibrational spectra and 
structure of cyclooctane. Vol. 15, 1959. Fig. 2, on p. 1114 was 
printed incorrectly. The correct figure is given below. 


D,,, crown D,, distorted crown D,,, tub D,,’, butterfly 


Fig. Some possible models of looctane. 


V \ L 
16 

> 

= + . . 

518 


Spectrochimica Acta, 1960, Vol. 16, pp. 519 to 520. Pergamon Press Ltd. Printed in Northern Ireland 


REPORT OF MEETING 


THE Sixth Ottawa Symposium on Applied Spectroscopy, sponsored by the Cana- 
dian Association for Applied Spectroscopy, was held on September 14-16, 1959. 
The following papers were presented: 


Emission Spectroscopy 


The matrix effect in d.c. arc spectroscopy: Witt1am H. DENNEN, Massachusetts Institute of 
Technology. 


D.C. are analysis: Some effects of replacing graphite with carbon: D. C. Sprypier, Technical 
Centre, Ferro Corporation. 


A study of the relationship of various physical properties of graphite and carbon spectrographic 
electrodes to their performance in the d.c. arc: W. E. and L. SHaw, United 
Carbon Products Company. 


Baird-Atomic research direct reading spectrograph: L. 0. Erxrem, Baird-Atomie Inc. 


A general chemical-spectrographic method for the determination of boron in iron and nickel base 
alloys: Rosert F. ANprErRson, International Nickel Company Inc., Research Laboratory. 


Application of a direct reading spectrometer to the analysis of miscellaneous materials: E. W. 
WARREN and F. East, Technical Service Laboratories. 


Experiments in atomic absorption spectroscopy: Raymonp R. Sawyer, The Perkins—Elmer 
Corporation. 


Instrumental development at Applied Research Laboratories: Brernarp R. Boyp, Applied 


Research Laboratories, Inc. 
Some experiments concerning the analytic application of high dispersion spectroscopy: %. %. 


Berman, P. TymcuvuK and D. 8. Division of Applied Chemistry, National Research 
Council. 


The routine determination of the isotopic abundance of uranium using a direct recording echelle 
grating spectrograph: W. FLercuer, United Kingdom Atomic Energy Authority. 


Progress report of Copper Alloy Standards Committee of the C.A.A.S.: J. H. Howarrnu, The 
Canada Metal Co. Ltd. 


Progress report of Non-metallic Standards Committee of the C.A.A.S.: C. L. Lewis, Falconbridge 
Nickel Mines Limited. 


Progress in the development of new techniques for spectrochemical excitation: Freprick Brecu 
and R. TaBe tine, Jarrell-Ash Company. 


Use of controlled spark atmospheres to minimize matrix effects in the analysis of tool steels: 
T. P. ScorerBer and R. F. Masykowskr, General Motors Corporation Research Laboratories. 


Spectrochemical analysis and a metallic implant program: Epwrin 8. Hopcr and Epwarp R. 
SuHuster, Jr., Mellon Institute. 
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Routine analysis of beryllium metal and oxide: .J. T. Rozsa, J. M. Srone and B. J. CHaLKierr, 
National Spectrographic Laboratories, Inc. 


X-ray diffraction and optical spectrography in forensic science: W. A. Creceen, Attorney 
General's Laboratory, Province of Ontario. 


Infrared Spectroscopy 


The vibrational half-band widths of some organic compounds: Koserr Kk. ANacreon, The 
Perkins—Elmer Corporation. 


Cavity infrared absorption cells—their limitations and uses: A. Connecticut 


Instrument Corporation. 


Infrared spectra of adsorbed molecules: L. 


Research Council. 


H. Lirrxe, Division of Applied Chemistry, National 


Sadtler spectra and their uses: ©. Technical Service Laboratories 


Infrared analysis of micro gas samples: W. F. Unricu, R. O. Brace and W. J. HayMay, 
Beckman Instruments Inc., Fullerton, California. 


X-ray Spectroscopy 


Quantitative X-ray spectroscopy—general considerations in work with and without internal 
standards: Ursuia Martivs, Ontario Research Foundation. 


New universal vacuum X-ray spectrograph: KR. (:. Arcuer, Philips Electronics Industries 
Limited. 


X-ray fluorescence analysis applied to wax processing and cellulose chemistry: .). D. Brown, 
Research Depart me nt. rial Oil Limited. 


X-ray fluorescence analysis of stainless steel in aqueous solutions: K. W. Jones and R. W. 
ASHLEY, Atomic Energy of Canada, Ltd. 


An atmospheric electron probe with X-ray spectrometer: 13. W. ScuumMacner, Ontario Research 
Foundation. 


Thickness measurements on platings by means of an electron probe: K. Kerem er, Ontario 
Resear h Foundation 


Preparation of sulphide type ores and concentrates for X-ray fluorescence analysis: 1). .J. Brooker, 
X -Tray 


Assay Laboratories Limited. 


X-ray fluorescence analysis of pyrochlore and perovskite from Oka, P.Q.: Guy Perravir, 
Department of Geology, Ecole Polytechnique. 


The use of X-ray fluorescent spectrometry in the Eldorado Uranium Refinery at Port Hope: 


P. A. Serr, Eldorado Mining and Refining Limited 


Applications using an automatic direct reading X-ray spectrograph: Wicriam R. Kriey, Philips 
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¢ Abstract—The infrared spectra of fluoral, chloral and bromal hydrates have been investigated. 
a There are two »(OH) bands in the dilute-solution spectra and these are attributed to free and 
on intramolecularly bonded OH groups; there is some evidence that bonding may be to halogen 
but the matter is uncertain. There is evidence that previous suggestions that the stability of 
% the hydrates is due to interactions of the kind Cl ---H—O is incorrect. The CH bending 


frequencies in the solids have been assigned. 


Introduction 


THE infrared spectrum of polychloral [1] has two bands in the region 1500-1300 
em~' which are due to CH bending motions. It was not known whether or not they 
are due to the similar motions of two or more CH groups coupled, the other motions 
of the CH group giving bands in a lower frequency range. The infrared spectrum of 
chloral hydrate should give useful information on this point because its CH group 
is in a similar environment to that in polychloral, i.e. the carbon atoms are attached 
to similar atoms. We have therefore examined the spectra of fluoral, chloral and 
bromal hydrates and their methylated and deuterated derivatives. There are a 
number of other interesting features in the spectra, and these are also reported. 

The dissociation equilibrium of aliphatic aldehyde hydrates, RCH(OH), S 
RCHO + H,0, in inert solvents strongly favours free aldehyde and water under 
normal conditions. Hydrates of halogen-substituted aldehydes dissociate much 


less, and their stability increases with increasing number of halogen atoms in the 
molecule {2}. Hydrates of fluoral, chloral and bromal, CX,CH(OH), (X = F, Cl 
and Br, respectively), can be isolated pure and their stability increases with 
increasing electronegativity of the halogen atom. The stability of chloral hydrate 
has been said to be due to the interaction via the hydrogen atom between the OH 
groups and the adjacent CCl, group [3, 4]. Konpo and Nirva [5] have determined 
the crystal structure of chloral hydrate by X-ray diffraction, and they have 
suggested that, contrary to expectation if the stability is in large part due to 
OH—CCl, interaction, there are intermolecular rather than intramolecular 
hydrogen bonds in the crystal. Our spectra give some information on this point. 


* N.R.C. No. 5640. 
+ N.R.C, Postdoctorate Fellow 1956-1958. Present address: Kemicni institut “‘Borisa Kidrica”’, 

Ljubljana, Yugoslavia. 

1} A. Novak and E. Waatiey, Trans. Faraday Soc. 55, 1490 (1959). 

P. Fever in, omypt. re nd 235, 44 (1952). 

M. M. Davies, Trans. Faraday Soc. 36, 333, 1114 (1940). 

P. BArcHEewirz, Compt. rend. 282, 1750 (1951). 

8S. Konpo and I. Nrrra, X-Sen 6, 53 (1950). 
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Spectra have been published previously as follows. The Raman spectrum of 
chloral hydrate in water solution has been recorded by FonreyNe [6] and those of 
crystalline chloral and bromal hydrates by Skewan-ALpert [7]. The infrared 
spectrum of liquid fluoral hydrate has been published by HustEep and ALBRECHT 
[8] and that of chloral hydrate by Davres [3] and most recently by BrELLamy 
et al. [9] 


Experimental 


Chloral hydrate, chloral hydrate-d, and chloral monomethylalcoholate 
[CCl,CH(OH)OCH,] were prepared by treating freshly distilled chloral (Eastman 
Kodak White Label) with equivalent amounts of water, heavy water and methanol, 
respectively. Bromal hydrate and its deuterated and methylated derivatives 
were prepared from freshly distilled bromal (Eastman Kodak White Label) by 
the same methods. The substances were dried in a stream of dry air over phos- 
phorus pentoxide. Fluoral hydrate was obtained from Dr. L. C. Lerrcn of the 
Pure Chemistry Division, and was distilled through a column of Drierite before use. 

Fluoral hydrate was investigated as the pure liquid, in solution in CCl, at 
various concentrations and in the vapour state. Chloral and bromal hydrates and 
their derivatives were studied in the solid state as mulls in Nujol and hexachloro- 
butadiene and in solution in CCl, at various concentrations. Chloral hydrate was 
also studied in CS,. The spectra were recorded between 4000 and 700 cm~! on a 
Perkin-Elmer model 21 infrared spectrophotometer using CaF, and NaC] prisms 
and between 700 and 300 cm! using a Beckman IR-4 instrument with a CsBr 
prism. The wave-numbers of sharp bands in the high-frequency region were 
measured to an accuracy of +2 cm~'. Water vapour was used for calibration, 
and solutions of methanol and isopropanol in CCl, were recorded for comparison. 


Results and discussion 

1. The 3-u region 

All the hydrates have one or more broad bands in the 3-4 region (Fig. | and 
Table 1), as follows: liquid fluoral hydrate, 3360 cm~'; solid chloral hydrate, 
3360 cm~! and a shoulder at 3280 cm~'; solid bromal hydrate, 3440, 3350 and 
3190 em~!. None is present in dilute solutions and so they are due to inter- 
molecularly bonded OH groups. In carbon tetrachloride, each hydrate has three 
bands. One, at about 3410 cm~', is rather broad, diminishes in relative intensity 
on dilution and disappears at concentrations lower than about 0-01 M. It can 
probably be attributed to associated molecules, similar to the associated molecules 
of aleohols [10]. The other two bands, between 3620 and 3500 cm~', are as sharp 
as those of free OH groups of aleohols and phenols, and remained unchanged on 
dilution to 0-005 M and lower. Chloral hydrate gives similar, slightly shifted bands 
in carbon disulphide solution. Davres [3] had found only one »(OH) band, 


6| R. Fowrreyne, Naturw. Tijdschr. 24, 69 (1942) 

7 H. Seewan-ALBert, Acta Phys. Austriaca 1, 346 (1948). 

8| D. R. Husrep and A. H. Avsrecurt, J. Am. Chem. Soc. 74, 5422 (1952). 

9| D. M. W. Anversow, L. J. and R. L. Spectrochim. Acta 12, 233 (1958). 

10) R. N. Jones and C. Sanporry, Technique of Organic Chemistry (Edited by A. Weisspercer) Vol. 
IX, p. 417. Interscience. New York (1956). 
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3564 cm~', in the solution spectrum of chloral hydrate, but observed that it was 
broader than that of a monohydric alcohol under the same conditions. 

The cause of the two dilute-solution »(OH) bands is of some interest. The 
splitting seems too big for coupling between the motions of the two OH groups to be 
the cause; in addition, fluoral hydrate vapour gives only one band at 3616 em-!. 


Absorption 


2800 


cm 


Fig. 1. The 3800 to 2200 em~ region of the infrared spectra of fluoral, chloral and bromal 
hydrates and derivatives. 
(1) Fluoral hydrate: (a) pure liquid; (b) and (c) 0-05 M and 0-01 M solutions; (d) vapour. 
(2) Chloral hydrate: (a) solid; (c) and (d) 0-05M and 0-01 M solutions. Chloral 
monomethylaleoholate (b) solid; (e) 0-04 M solution. Deuterated chloral hydrate 
(f) solid; (g) solution. 
(3) Bromal hydrate: (a) solid; (¢) and (d) solutions. Bromal monomethylalcoholate 
(b) solid; (e) solution. Deuterated bromal hydrate (f) solid; (g) solution. All solid 
substances are mulls in hexachlorobutadiene. All solutions are in carbon tetrachloride. 


One band is not due to water, which may be formed by dissociation of the hydrate, 
because the water band occurs at 3708 em~? [11] in CCl, and it would hardly be 
observable in 1-mm cells, and also fluoral hydrate hardly dissociates. It is very 
unlikely to be caused by Fermi resonance: its occurrence in fluoral, chloral and 
bromal hydrates, and in deuterated chloral and bromal hydrates, demands too 


[11) P. Saumacne and M., L. Josren, Bull. soc. chim. France 813 (1958). 
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Table 1. OH stretching frequencies of fluoral, chloral and bromal 


hvdrates and derivatives 


Solution in carbon tetrachloride 


i \ Solid 
ompoun apour 
Free- Intensity 

Bonded | bonded ratio free- Associated 


Ay bonded 


Fluoral 
hydrat« 3613 357 35 3420 3360 (liquid) 


Chioral 3605 35. : 3410 3360, 3280 
hydrate 3578 35. ‘ : (solution in CS,) 


Bromal 3602 3545 : 3410 3440, 3350, 


hvdrate 


Chioral 
hydrate a. 


Bromal 2650 
hydrate~ 2360 


Chloral mono- 3605 q : 6 3450 3350 
methylalcoholate 


Bromal mono 3602 ¢ a4 : 6 3450 


methvlalceoholate 


much coincidence. It seems likely, therefore, that the two bands are due to two 
OH groups in different environments, the higher of which is relatively free and the 
lower relatively bonded, either to halogen or to oxygen, in a similar manner to the 
dihydrie aleohols [12]. It is difficult to determine whether the bonding is to halogen 
or to oxygen. If it is to oxygen a four-membered ring is formed, and if to halogen, 
a five-membered. Thus, though an O—H ---O bond is stronger in its strongest 
orientation than an O—H - - - halogen bond, the O—H - - - O bond in the hydrates 
would be more bent and so presumably reduced in strength more than the 
O—H---halogen bond. The fact that the difference in frequency between the 
free and bonded OH increases in the series fluoral, chloral, bromal hydrates, which 
is the same order as the increasing size of the halogen and so of increasing overlap 
with the hydrogen, is an indication that a bond to halogen might occur, but the 
matter cannot be considered as settled. The positions of the y(OH) bands are 
rather similar to those for the o-halophenols [13], where hydrogen-bonding to 
halogen seems to be well established. As we have already mentioned, fluoral 
hydrate vapour has only one »(OH) band. The reason for the difference between 
solution and vapour is not known. A possible explanation is that the two bands 


12) L. P. J. Am. Chem, Soc 74, 2402 (1952 
13! A. W. Baxer, J. Am. Chem. Soc. 80, 3598 (1955). 
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are very close in the vapour, but have very different shifts due to solvent. However, 
it seems unlikely that such different relative shifts, 0-8 « 10-* and 9-7 x 10-° 
would occur with two bands whose intensities are so nearly the same. 


It is more 
likely that the solvent affects the equilibrium between bonded and non-bonded 
forms. 


Chloral and bromal methylaleoholates [CX,CH(OH)OCH,)] have three »(OH) 


Fig. 2. The 1500 to 400 cm~' region of the infra- 
red spectra of solid chloral and bromal hydrates 
and derivatives; mulls in Nujol and hexachloro- 
butadiene: (a) chloral hydrate; (b) bromal hydrate; 
(ec) chloral hydrate-d,; (d) bromal hydrate-d,; (e) 
chloral monomethylaleoholate; (f) bromal mono- 
methylalcoholate. 


bands in carbon tetrachloride solution. The associated band of chloral methylalco- 
holate at about 3450 cm~! disappears at about a four-times-higher concentration 
(~0-04 M) than that of the hydrate (~0-01 M). The free and bonded »(OH) bands 
are present, but with smaller intensity ratios of free to bonded than in the hydrates. 
Dissociation to aldehyde and methanol spoiled an attempt to measure the 
temperature coefficient of the intensity ratio. 

It has been suggested [3, 4] that the stability of these hydrates is due to the 
formation of intramolecular hydrogen bonds O—H --- X. The fact that the order 
of increasing stability of the hydrates, bromal, chloral, fluoral, is the reverse of the 
order of increasing hydrogen-bond strength as measured by the difference 
between the bonded and non-bonded frequencies (Table 1), is evidence against 
this hypothesis. 
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2. Region below 1500 em~* 

We wished to know, in connexion with our work on polychloral [1], the number 
of CH deformation frequencies in the range 1500-1300 cm~' in the hydrates. 
Fluoral hydrate is not well suited to this because of the interference by strong »(CF) 
bands. The spectra of solid chloral and bromal hydrates and their O-deuterated 
and monomethylated derivatives are shown in Fig. 2, and the wave-numbers and 


Table 2. Wave-numbers and relative intensities of the absorption bands of chloral 
and bromal hydrates and derivatives (1500 to 400 em 1 region) 


Chloral Bro 
Chloral Bromal Chloral Bromal Approximate 


monomethyl- monomethyl- 
hydrate hydrate | hydrate-d, hydrate-d, : description 


alcoholate aleoholate 


1462) 1460) 
1455! 1450) | 


1407) 
i390! 1403 (s) o(CH OH) 


1358 (s) 1352 (s) 6 (CH,) 
1365) 1368 
i360! 1350} (s) 
1343 
1200) 


(s) 1302 (s) 1295 (s) 6(CH + OH) 


1198 (m) 1195 (m) y (CH) 
1134 (s) 1130 (s) 


1110 (vs) L090 (vs) 1106 (s) 1085 (vs) 1115 (vs) 1102 (vs) 


(C—O) 
1086 (ws) 1070 (vs) 1085 (vs) 1070 (vs) 1087 (vs) LO80 (vs) 


1025 (s) 1001 (s) r(CH,—O) 


~; (m) (m) 967 (m) 955 (m) d(CH) 


965 975!) 


O12) GO5) “OD 
(m) m ( 


761 (vs) 827 (vs) + 750 (vs) 830 (vs) 760 (vs) 
v(C—CX,) 
750 (vs) SLO (vs) 735 (vs) S15 (vs) 735 (vs) 

662 (s) 


620 (w) 620 (w) y(OH) 
620 (m) 590 (s) 530 (m) 580 (m) 


520 (m) 540 (m) 
465 (m) y(OD) 


450 (w) 


1427) 1408) 

1392) 1385) 

L 

1305 16 

1295! 1277 

(m) (m) 

975 946) 

835 (ve) 

(vs) 

422) 416) 

(w) (w) 
415! 410! 
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relative intensities are given in Table 2. Chloral and bromal hydrates have two 
bands in the range 1500-1300 em~', while the O-deuterated compounds have only 
one band at about 1360 cm~'; some of the bands are split into two or three 
components. The 1500-1300 em~! bands of chloral hydrate have been assigned {9} 
to coupled CH and OH deformation modes; the corresponding bands of bromal 
hydrate are probably due to similar motions. The splitting of the bands, which is 
more pronounced with the CH and OH bands than with other bands, may be due 
either to non-equivalently bonded OH groups [9], or to crystal effects, there being 
four molecules of chloral hydrate in the unit cell [5]. The one band in this region in 
the O-deuterated hydrates must be a CH deformation mode; there is therefore 
only one 6(CH) band in the region 1500-1300 em~!, and the second must be below. 
Its assignment is uncertain. A candidate is a band at about 970 cm~!, which is 
split into two components in the crystal; the splitting is probably due to crystal 
effects because only one band occurs in the solution spectrum. In support of this 
assignment, hexachloroacetone hydrate, (CCl,),C(OH),, which does not contain a 
CH group, has no band between 1000 and 900 em? [9]. 

There is a broad shoulder at about 630 cm~! in the spectrum of chloral hydrate, 
which shifts to 460 cm~! on deuteration, and it is attributed to an OH deformation 
mode. This band is very similar to the y(OH) band of poly(vinyl alcohol) [14]. An 
analogous band at 620 cm~! in bromal hydrate is less certain. The remaining bands 
are very probably due to skeletal vibrations. Two bands near 1100 cm~? are likely 
due to mainly C—O stretching vibrations, and those between 900 and 700 em~! to 
the stretching vibrations of the C—CX, group. The skeletal bands of bromal 
hydrate are, as expected, somewhat lower than those of chloral hydrate. Some of 


the skeletal bands lie close together; this is not due to crystal splitting because the 
same bands occur in the solution spectra. 

The spectra of crystalline monomethylalcoholates [CX,CH(OH)OCH,] have 
similar CH, OH and skeletal bands to the hydrates. There is considerably less 
splitting of the OH and CH bands. New bands, due to the methoxy groups, are 
easily distinguished (Table 2). 


[14] S. Karim, C. Y. Liane and G. B. B. M. SurHertanp, J. Polymer Sci. 22, 227 (1956). 
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Spectres d’absorption infrarouge du phénol et des diphénols 
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Instituto de Optica *‘Daza de Valdés’’, Madrid 


(Received 23 October 1959) 


Abstract—The infra-red absorption spectra of phenol and the three diphenols were investigated 
between 2 and 40 « (5000-250 em™!). The spectra obtained for the solids in disks, in mulls and as 
frozen melts have been compared. An attempt has been made to assign the measured frequencies 


to different modes of vibrations of these molecules. 


Les spectres d’absorption infrarouge et Raman du phénol et des trois diphénols 
ont été l'objet de nombreuses publications; [1-7] mais dans aucune de celles-ci on 
n’essaie une classification systématique des fréquences enregistrées. Dans le 
présent travail, on donne les spectres d’absorption infrarouge du phénol et des 


trois diphénols dans la région spectrale comprise entre 2 et 40 « (5000 a 250 em~'). 


Partie experimentale 
Pour | obtention des spectres absorption infrarouge, nous avons employé un 
spectrométre Hilger D.209, muni successivement de prismes de LiF, NaC! et KBr. 


Les cellules d’absorption ont été préparées par la technique des comprimés de K Br; 
mais, pour voir s'il existe quelque variation dans les spectres en utilisant cette 
technique, on a obtenu les spectres des substances solides, en poudre, mouillées 
avec du Nujol ou a l'état fondu; dans le cas du phénol, on a utilisé aussi des 
solutions de tétrachlorure de carbone A des concentrations variées. 

Dans la région de basses fréquence, nous avons employé un spectrométre 
Perkin-Elmer 21 (double faisceau) & prisme de CsBr. Les composés dans ce dernier 
domaine one été enregistrés avec de la poudre mouillée avec du Nujol ou a l'état 
fondu. La concordance, dans la région commune, des deux séries d’ enregistrements 


se présente comme excellente. 


Résultats 
Dans le Tableau 1, on donne le nombre d’ondes (en em~') des fréquences enregis 
trées et lintensité des mémes en pour cent d’absorption. Dans le tableau, il y a 
aussi les fréquences Raman, empruntées a la littérature. Dans la Fig. 1, on donne 
les spectres du phénol et des trois diphénols. 


T. A. Kuierz et C. W. Price, J. Chem. Soc. 644 (1947). 

M. Davies, J. Chem. Phys. 16, 274 (1948). 

IzMaILov et Kursyna, Jzvest. Akad. Nauk S.S.S.R., Ser. Fiz. 17, 740 (1953). 

M. Davres et R. Lumuiey Jones, J. Chem. Soc. 120 (1954). 

K. W. F. Kontravuscn, Ramanspektren. Academische Verlagsgesellschaft, Leipzig (1943). 
K. W. F. Kowtrauscna et F. Poncratrz, Monatsh. Chem. 65, 6 (1934) 

K. W. F. Koniravuscn et F. Ponorarz, Monatsh. Chem. 64, 361 (1934). 
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> Tableau 1 

(Nombres d’ondes en 


Comprimés KBr Nujol Fondu Solution Raman 


Phénol 
265 265 (30) 686 (90) 240 8b D 
413 (40) 415 (40) 885 (60) 412 0 
418 (50) 419 (50) 936 (30) 451 
452 (60) 452 (60) 983 (20) 507 
505 (70) 504 (80) 502 (80) 1003 (40) 5632 5 D 
530 (50) 526 (65) 534 (80) 1028 (40) 617 8 D 
614 (20) 615 (60) 615 (60) 1072 (40) 756 2 D 
685 (90) 683 (80) 686 (90) 1157 (70) 786 O 
752 (90) 750 (90) 749 (80) 1175 (70) 812 8 P 
810 (80) SO4 (80) 815 (70) 1187 (90) 829 3b 
827 (70) 812 (S80) S28 (70) 1217 (90) s9l 0 
881 (50) 826 (70) 887 (60) 1250 990 
932 (10) 882 (70) 965 (40) 1339 (50) 1001 10 P 
963 (20) 935 (40) 984 (40) 1347 (50) 1014 O 
9X0 (20) 957 (50) 1002 (50) 1476 (90) 1026 7 P 
. 1000 (30) 975 (40) 1028 (50) 1505 (90) 1072 1 
1023 (50) 999 (50) 1075 (70) 1592 (80) 1152 3 
1070 (70) 1023 (50) 1108 (30) 1598 (80) 1167 4 ¥ 
1107 (60) 1070 (70) 1130 (30) 3024 (60) 1250 2b 
1150 (S80) 1105 (40) L157 (70) 3048 (65) 1332 0 
1162 (80) 1147 (SO) 1196 (70) 3080 (70) 1381 O 
1190 (90) 1164 (S80) 1230 (70) 3095 (70) 1428 0 
1223 (90) 1222 (80) 1250 (70) 1466 O 
1363 (80) 1250 (70) 1360 (70) 1498 D 
1470 (90) 1366 (90) 1470 (80) 1596 6 
1495 (90) 1461 (90) 1505 (90) 1604 6 D 
1597 (90) 1497 (80) 1597 (80) 
1602 (90) 1593 (80) 1600 (80) 
1677 (45) 1598 (80) 1637 (45) 
1795 (50) 1682 (45) 1795 (60) 
1845 (40) 1795 (50) 1845 (60) 
1940 (35) 1843 (35) 1937 (60) 
2065 (20) 1932 = (30) 2055 (30) 
a 2449 (40) 2469 (40) 2442 (45) 
2597 (40) 2598 (50) 2592 (65) 
2719 (40) 2717 (50) 2722 (65) 
2s45 (40) 3219 (90) 2841 (65) 
2956 (45) 2969 (60) 
3040 (50) 3047 (S80) 
3276 (80) 3235 (95) 
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Tableau 1—(cont.) 


Comprimés KBr 


1290 
1381 
1492 
1620 
1703 
1745 
1825 
1887 
1915 
2637 
2757 
2877 
2922 
2992 


3275 


(50) 
(40) 
(50) 
(70) 
(70) 
(75) 
(50) 
(60) 
(60) 
(90) 
(30) 
(60) 
(90) 
(SO) 
(60) 
(70) 
(75) 


(75) 


(60) 
(40) 
(40) 
(40) 
(45) 
(60) 
(65) 
(75) 


(95) 


Résorcine 


Nujol 


256 
356 
386 
460 
494 
543 
616 
656 
678 
740 


iiv 
797 
842 
860 
931 
962 
997 

1085 
1144 
1164 
1225 
1290 
1372 
1482 
1605 
1827 
1889 
1923 
1966 
2103 


266 


(30) 
(60) 
(50) 
(70) 
(40) 
(60) 
(20) 
(50) 
(80) 
(90) 
(100) 
(80) 
(80) 
(60) 
(40) 
(90) 
(20) 
(40) 
(100) 
(90) 
(50) 
(100) 
(100) 
(100) 
(100) 
(40) 
(20) 
(20) 
(15) 
(30) 
(45) 
(60) 
(40) 


(30) 


Fondu 


256 
356 
386 
458 
495 
544 
610 
654 
682 
741 
768 
748 
845 
855 
868 
912 
931 
962 
1002 
1080 
1149 
1159 
1225 
1282 
1390 
1490 
1606 
1672 
1745 
1827 
1892 
1913 
1963 
2108 
2147 
2237 
2448 
2480 
2520 
2637 
2754 
2865 
2987 
3045 
3394 
266 


(30) 
(60) 
(50) 
(70) 
(40) 
(50) 
(35) 
(60) 
(60) 
(90) 
(100) 
(90) 
(95) 
(70) 
(65) 
(30) 
(30) 
(75) 
(35) 
(75) 
(90) 
(80) 
(90) 
(100) 
(90) 
(100) 
(65) 
(45) 
(50) 
(55) 
(40) 
(60) 
(30) 
(30) 
(20) 
(35) 
(50) 
(50) 
(50) 
(60) 
(40) 
(50) 
(70) 
(85) 
(100) 
(30) 


Raman 


243 
351 
531 
545 
610 
724 
748 
1000 
1078 
1132 
1290 
1308 
1601 
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Tableau 1—(cont.) 


Comprimés KBr Nujol Fondu Raman 


Hydroquinone 


bo 


387 (50) 385 = (50) 

410 =(50) (50) 

459 (20) 457 (35) (40) 
519 (75) 517 (60) (60) 
545 (25) 544 (30) f (35) 
609 (85) 610 (50) j (40) 
679 (75) 677 (40) 377 (45) 
760 (90) 760 (95) 52 (75) 
810 (65) 810 (65) iy (85) 
829 (90) 828 (90) 7$ (50) 
890 (30) 890 (20) 33: (85) 
920 (20) 920 =(20) 25) 
940 (35) 937 (20) 91s (30) 
1010 (90) 1008 (50) 9: (30) 
1097 (75) 1095 (65) (50) 
1116 (55) 1116 (50) 1100 (85) 
1162 (75) 1161 (75) 1115 (75) 
1188 (95) 1188 (90) 1162 (70) 
1203 (95) 1205 (90) 1195 (80) 
1235 (90) 1235 (85) 1207 (80) 
1250 = (80) 1252 (60) 1227 (80) 
1305 = (40) 1460 (100) 1245 (70) 
1342 (70) 1512 (85) 1317 (70) 
1467 (95) 1625 (40) 1335 (75) 
1512 (90) 1827 (45) 1455 (75) 
1626 (40) 1922 (25) 1512 (80) 
1830 (45) 1992 (20) 1630 (80) 
1857 (70) 2017 (25) 1830 
1924 (25) 2437 25) 1857 (55) 
1992 (25) 2668 (25) 1923 (40) 
(30) 2692 (30) 1992 (50) 

(30) 3238 (80) 2015 (55) 

(30) 2075 (45) 

(30) 2165 (40) 

(25) 2210 (40) 

(25) 2465 (65) 

(30) 2578 (60) 

(35) 2686 (55) 

(60) 2722 (65) 

(95) 2828 (50) 

2882 (35) 

2961 (20) 

3026 (45) 

3394 (100) 


= 


DS 
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Tableau 1—(cont.) 


Comprimés KBr Nujol Fondu Raman 


Pyrocatéchine 


277 (30) 277 (30) 204 5 
334 (40) 334 (40) 209 3 
375 (50) 375 (50) 
450 ~=(60) 448 (60) 444 (55) 454 1 
501 (90) 498 (75) 502 (40) 558 4 
553 (60) 548 (40) 550 (75) 578 4 
563 (60) 560 (40) 566 (70) 774 10 
643 (60) 626 (40) 643 (70) 852 0O 
745 (95) 742 (100) 740 (60) 1036 8 
758 (90) 755 (95) 757 1099 
774 (90) 770 = (90) 772 (100) 1144 3 
850 (S80) S47 (70) 847 (85) 1263 4 
859 (60) 859 (50) 857 (70) 1329 0O 
917 (40) 916 (30) 915 (50) 1594 5b 
938 (40) 937 (30) 948 (25) 
1040 (75) 962 (20) 968 (20) 
1090 (90) Ol] (20) 1014 (30) 
1150 = (80) 1040 (70) 1042 (70) 
1162 (90) 1092 (90) 1095 (90) 
1185 (100) 1150 (60) 1150 (60) 
1243 (100) 1163 (75) 1167 (90) 
1275 (95) 1184 (90) 1187 (100) 
1355 (100) 1242 (95 1246 (100) 
1459 (85) 272 (90 271 (90) 
1515 (95) 1358 (100) 1350 (100) 
1608 (70) 1457 (90) 1465 (80) 
1625 (70) 1514 (90) 1515 (75) 
1697 (40) 1602 (70) 1608 (80) 
1845 (40) 1630 (70) 1632 (60) 
1887 (30) 1842 (40) 1839 (55) 
1922 (30) 1890 (20) ISS8S8 (40) 
2022 (20) 1922 (25) 1926 (25) 
POAT (20) 3315 (75) 2025 (40) 
2090 (20) 3425 (75) 2047 (40) 
2545 (45) 2090 (25) 
; 2614 (45) 2551 (60) 
i 2730 (50) 2615 (55) 
(60) 2714 (60) 
; 2290 (45) 2836 (40) 
f 2930 (50) 2977 (50) 
2976 (55) 3045 (65) 
f 3049 (65) 3122 (40) 
3327 (100) 3360 (70) 
3447 (100) 3442 (75) 


Les fréquences Raman, qui figurent dans ce tableau, sont empruntées a la litterature [5}. 
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Discussion 

Dans tous les spectres de ces substances, on peut distinguer deux catégories de 
bandes, celles qui se rattachent au radical phényle, et celles qui ont pour origine les 
vibrations du radical OH. Toutes ces substances, sauf le p-diphénol, ont une 
symétrie de la classe (,,. Dans ce groupe de symétrie, ces molécules doivent 


posséder quatre fréquences des types A, A,, B, et B, qui sont toutes permises, a 
la fois en Raman et infrarouge, a l'exception de celles du type A,, interdites dans 
absorption infrarouge. Le dérivé para, par sa disposition compléetement 


symétrique des deux radicaux OH, appartiendra & un groupe de symétrie plus 
élevé (D,,), dans lequel existeront huit types de vibrations A,,, Baus Big 
B,,, B,, et B,,. Parmi elles seront actives en infrarouge celles qui correspondent 
aux types B,,, B,, et B,,. 

On trouve. dans la littérature, un grand nombre de travaux relatifs aux dérivés 
du benzéne [8, 9] et récemment RanpLe et WHIFFEN [10], ont publié sur les 


vibrations caractéristiques des dérivés du benzéne une récapitulation que nous 
utiliserons dans nos attributions. 

Les fréquences CH de valence resteront dans la région 3200-3000 em~', pour 
tous les dérivés du benzéne. Dans la molécule du benzéne, existent quatre 
vibrations de ce type, dont deux sont doublement dégénérées; mais, dans les 
dérivés mono et disubstitués, la perte de symétrie, produite par lintroduction des 
substituants. conduira au dédoublement des vibrations dégénérées et 4 la migration 
d'une de celles-ci, dans le cas du phénol, et de deux, dans les dérivés disubstitués, 
vers des nombres d’ondes beaucoup plus petits. Peuvent apparaitre pourtant dans 
cette région spectrale, quatre ou cing vibrations appartenant au groupement 
CH. 

Dans le spectre du phénol, obtenu en solution dans le tétrachlorure de carbone, 
on trouve quatre bandes, qu'on peut assigner aux vibrations de valence CH, a 
3024.3048. 3080, 3095 em~!. Dans les spectres obtenus avec les substances fondues 


ou les comprimés de KBr, les deux derniéres bandes n’apparaitront pas, parce 


qu’elles sont cachées par la bande trés large des OH associés. La méme chose arrive 
pour les composés disubstitués, qui ont été étudiés uniquement a l'état solide. 
Dans le Tableau 2, on donne les attributions faites pour ces vibrations fondamen- 


tales des groipements CH. 
Les vibrations de déformation plane du groupement CH ne sont presque pas 
perturbées par l'introduction des substituants dans le noyau benzénique. Des six 
vibrations de ce type, qui doivent apparaitre dans un dérivé monosubstitué du 
benzene, seule celle qui correspond a la vibration 18b doit subir un déplacement 
important, dans le toluéne de 1037 4 340 em~'. Dans les dérivés disubstitués, deux 
fréquences seront déplacées, et il reste seulement quatre vibrations dans cette 
région. L’ensemble des attributions, pour les vibrations de déformation plane des 
groupements CH est réuni dans le Tableau 3. 
Des six vibrations de déformation gauche des groupements CH, celles qui 


M. L. Josrex. C. Garricov-Lacrance et J. M. Lesas, Spectrochim. Acta 12, 305 (1958); Ibid. 18, 
225 (1959 

[9] J. M. Lesas. Thése, Bordeaux (1958). 

| R. R. Rawpwe et D. H. Warren, Molecular Spectroscopy. Institute of Petroleum, London (1955). 
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Tableau 2. Vibration de valence des groupements CH (em!) 


Benzene Phénol Pyrocatéchine {ésorcine Hydroquinone 


20a 3080 E,,, 3095 B, 3 
20b 3080 A, A, A, Bo, 
2 3062 A,, A, A, A, A, 
7a A, A, A, A, 
7b 3047 Ey, 3048 B, 3045 B, 3045 B, Bae 
13 3046 B,,, 3024 A, 2984 A, 2992 A, 3026 By, 


les vibrations du benzéne, on utilise la notation de E. B. WiLson. 


Tableau 3. Vibrations de déformation plane des groupements CH (em!) 


Benzéne Phénol Pyrocatéchine Résorcine Hydroquinone 


29 1250 B, 1243 B, 1290 B, 1305 B,, 
9a 1178 Ey, 1162 A, 1162 A, 1162 A, 1188 A, 
9b 1150 B, 1150 B, 1147 B, 1116 B,, 
15 1170 By, 1070 B, 1090 B, 1075 B, 1097 Bs, 
18a 1037 1023 A, 1040 A, 1010 By, 


334 B, 356 B, 385 B 


3u 


Tableau 4. Vibrations de déformation gauche des groupements CH (em~!) 


Benzéne Phénol Pyrocatéchine Résorcine Hydroquinone 


; 5 1016 B,, 932 B, 938 B, 962 B, 940 A, 
§ l7a 985 E,, 980 A, 968 A, 912 A, 920 B,, 
17b 881 B, 859 B, 850 B, 890 By, 
5 10a 849 E,, 828 A, 850 A, 813 A, 829 B,, 
7 10b 750 B, 745 B, 739 B, 760 Bz, 
correspondent aux vibrations 10a et 17a du benzéne appartiennent au type Ag, 
interdit en absorption. La vibration 11 se déplace vers des nombres donde si 
; petits qu’ils restent en dehors de la région spectrale ici étudiée; dans les dérives 
2 disubstitutés, la vibration 17b se modifie aussi. L’attribution des bandes restantes 


se trouve dans le Tableau 4. Les vibrations, dues aux oscillations du noyau 
proprement dit, et les vibrations de valence »(C=C) restent toutes sans grand 
changement, malgré lintroduction des substituants. Leurs attributions se 
trouvent dans le Tableau 5. La vibration 4 1680 em~', qui correspond a la vibration 
14 du benzéne, est considérée par certains auteurs, comme une fréquence de 
combinaison produisant une bande d’absorption faible. 


Les vibrations de déformation plane du noyau, au nombre de trois, et celle seule 
qui correspond a la vibration 6a du benzéne n'est pas sensible a l'introduction du 
substituant. Celle-ci rend moins stre l’interpretation du Tableau 6. Les vibrations 
de déformation gauche du noyau benzénique se trouvent attribuées dans Tableau 7. 
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Tableau 5. Vibration de valence »(C=C) (em!) 


Benzéne Phénol Pyrocatéchine Résorcine Hydroquinone 


1693 B,, 1677 B, 1697 B, 1672 B, 
1596 Ey, 1602 A, 1625 A, 1620 A, 1626 A, 
1597 B, 1608 B, 1606 B, 1611 B,, (Raman) 
1485 E,,, 1495 A, 1515 A, 1490 A, 1512 B,, 
1470 B, 1469 B, 1460 B, 1467 By, 
992 . 1002 A 1014 A 1001 A 


Tableau 6. Vibration de déformation plane du noyau (em™) 


Benzene Phénol Pyrocatéchine Résorcine Hydroquinone 


1011 B,,, 810 A, 774 A, 800 A, 810 By, 
605 Ey, 615 B, 643 B, 610 B, 609 B,, 
530 A, 548 A, 542 A, 545 A,, 


Tableau 7. Vibration de déformation gauche du noyau (em~) 


Benzene Phénol Pyrocatéchine Résorcine Hydroquinone 


685 B,, 685 B, 682 B, 6 


7 
404 Ey, 505 B, 502 B, 519 B, l 
451 452 A, 448 A, 458 A, l 


B, 
B, 
2 A, 


( 
9 

u 


Vibrations des radicaux OH 


Dans le phénol, on peut supposer que six vibrations ont pour origine le radical 
OH: deux de valence v(OH) et »(CO), deux de déformation plane 6(OH) et 4(CO), 
et deux de déformation gauche y(OH) et »(CO). Dans les dérivés disubstitués, on doit 
avoir douze vibrations produites par les deux radicaux OH. 

Les bandes correspondant 4 ces vibrations se présentent comme fines dans les 
spectres de ces composés a |’état de vapeur, ou dans les solutions diluées, ces 
molécules étant sous la forme monomére. Dans les substances a |’état solide, les 
bandes seront trés larges et avec une structure complexe, due a |’existence de 
groupements moléculaires produits par des ponts d’hydrogene entre les radicaux 
OH. Les vibrations de valence apparaitront, dans les spectres de solutions diluées, 
vers des nombres d’ondes plus grands que ceux qui correspondent 4 des molécules 
associées dans les spectres 4 |'état solide; au contraire, les bandes correspondant 
aux vibrations de déformation des molécules monoméres se trouvent vers des 
nombres d’onde plus petits que ceux qui correspondent a des molécules associées. 

En tenant compte de ces changements, ainsi que de la formation des bandes, 
nous avons attribué ces vibrations dans le phénol, par comparaison des spectres 
obtenus pour cette substance A |’état solide et en solution. Pour les dérivés 
disubstitués, nous avons fait cette attribution, en tenant compte des résultats 
obtenus pour le phénol dans le Tableau 8. 
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Tableau 8. Vibrations OH (cm~?) 


Phénol Pyrocatéchine Résorcine Hydroquinone 


3235 3360 3394 


3342 
1223 1235 

1275 1250 
1363 1355 1342 
1190 1185 1203 
418 375 : 410 
265 277 266 
204 (Raman) 


Une grande incertitude régne sur la position des vibrations de déformation des 
groupements OH et CO dans les phénols. Il est bien certain que nous ne pouvons 
pas choisir une seule fréquence, mais considérer un couplage avec une vibration du 
noyau. L’effet des ponts d’hydrogéne est toujours 4 considérer et, dans le cas ou il 
existe plusieurs groupements OH, cet effet devient encore plus compliqué. Pour 
ces raisons, les attributions que nous avons faites dans le Tableau 8 restent 
incertaines, mais de toutes fagons, on peut affirmer que les bandes, qui se trouvent 
mesurées dans le dit le Tableau 8, sont liées, d’une facon certaine, a des vibrations 
dans lesquelles le groupement OH prend un réle important. 
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Infrared absorption studies of inorganic co-ordination complexes—XXIII 
Studies of some metal—alanine complexes* 


D. C. Curran and J. V. QuacLiano? 
Department of Chemistry, The Florida State University and the University of Notre Dame 


(Received 18 January 1960) 


Abstract —Bis-(alanino)-copper-I1, zine-IT and nickel-II complexes synthesized by the reaction of 
the metal salt with the optically active / and the racemic d-l-alanine ligand are reported. The 
infrared spectra of these metal co-ordination complexes have been measured in the 2-15 mw region 


and assignments of the observed absorption bands of the metal chelates containing the optically- 


active ligands are reported. 
Introduction 

Few systematic infrared investigations of the d, | and d—1 forms of ligands that can 
act as chelates, such as the optically active amino acids [1], have been reported. 
The preparation of metal co-ordination complexes containing optically active 
compounds which can act as chelating ligands gives rise to a larger number of 
possible isomers than would be present if the ligating groups were optically 
inactive. For example, whereas a coplanar square complex containing two 
unsymmetric chelate glycino ligands, {M?*(NH,CH,COO),]}, could exist only in 
two geometric forms, the cis and trans isomers, the corresponding complex 
containing the optically active d or / alanino ligands, [M?*{NH,CH(CH,)COO},], 
has four possible isomers, corresponding to the two geometric orientations and 


the two optical isomers of the ligand. These four isomers may be designated 
as cis-pdd or L-dd, cis-vil or p-ll, trans-pdd or L-dd and trans-Lil or p-ll.§ Moreover, 
if the two alanino ligands in the same complex have the opposite optical con- 
figuration, two additional geometrical isomers are theoretically possible, cis-dl 
and trans-dl, 

A tetrahedral complex containing two unsymmet rical chelate glycino ligands, 
(M?*(NH,CH,COO),}, could exist only in one geometric form, W hich, however, is 
optically active. These two optically active isomers may be designated as p and L. 
If the two unsymmetric chelate ligands are also optically active, and both are d or 
both are J, as in the alanino complex, {M* (NH,CH(CH,)COO},]}, four optically 
active isomers are possible, corresponding to pdd, pil, rdd and wll. Moreover, if 
the two alanino ligands in the same complex have the opposite optical con- 


figuration, two additional optical isomers are possible, pdl and wdl. 


* Paper XXII in this series, J. Am. Chem. Soc. $1, 3824 (195%). 

+ Research Associate, University of Notre Dame, 1956. Present address: Istituto di Chimica 
Farmaceutica, University of Pisa, Pisa, Italy. 

+ Florida State University, Tallahassee, Florida. 

§ In these optically active co-ordination complexes the small capital letters D and L represent the 
direction of rotation of the complex as a whole. and the lower-case italic letters represent the number 
and rotation of the optically active ligands 

1) N. Warten, J. Biol. Chem. 120, 641 (1937); 127, 137 (1939); G. B. B. M. SuTHerRLanp, Discussions 
Faraday Soc. 9, 319 (1950); R. J. Korcrr, R. A. J. P. Greensrers, M. and 
S. M. Ann. N.Y. Acad. Sci. 69, 94 (1957). 
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The isomerism of complexes in which the compound as a whole and one or 
more of its ligands are optically active has been designated as double optical 
isomerism [2]. Metal co-ordination complexes in which the geometric isomerism 
modifies the optical isomerism has been designated as optical-geometric isomerism 
[2]. BarLar and co-workers |2, 3] have reported the preparation, stereochemistry 
and the stereospecific effects of complexes containing optically active ligands, 
and Corey and BarLar [4] have reported the relative stabilities and reactivities of 
complexes containing optically active groups, and have discussed the absolute 
configurations of these chelate compounds. 

As the continuation of the infrared investigations of amino acid metal 
complexes, we report in this paper the assignments of the infrared study of the 
bis-(alanino)—metal complexes of copper-I1, zine-IT and nickel-II. These complexes 
have been synthesized from / and racemic d—/ alanine with the metal ions. 


Experimental 


Preparation of compounds 


The /- and d-l-alanine were products of the Nutritional Biochemicals Cor- 
poration. The hydrochlorides of /- and d—/-alanine were prepared by dissolving 4 g 
of the alanine in 45 ml of 2N hydrochloric acid and allowing the solution to stand 
for 15 min. The solution was distilled under vacuum nearly to dryness and the 
white crystals which formed were collected and washed with ether. 

Sodium /- and d—/-alaninate were prepared by a variation of the method of 
WeizMAn and HAsKELBERG [5] for amino acids. To a 3%, solution of sodium 
ethoxide (0-62 ¢, 0-027 mole of sodium) was added 1-6¢ (0-018 mole) of the 
powdered and dried alanine. The mixture was stirred in a closed flask for 4 hr, 
and the solution was then filtered and distilled to dryness under vacuum. The 
sodium salt was collected and washed with anhydrous alcohol and ether. The very 
hygroscopic product was dried under vacuum over phosphorus pentoxide. 

Bis-(/-alanino)—nickel-II trihydrate, was pre- 
pared by stirring a solution of 2-52 g (0-03 mole) of /-alanine and 2-5 g (0-021 mole) 
of nickel-I1 carbonate in 50 ml of water and heating on a water bath at 70°C. 
Heating and stirring were continued for 1 hr after all the CO, had evolved. An 
additional 100 ml of water was then added and the mixture was heated for a few 
minutes at 100°C to dissolve the nickel-II complex. The hot solution was filtered 
immediately and the pale blue crystals that formed on cooling at room temperature 
were collected and dried over sulfuric acid. Additional crystals were obtained by 
concentrating the solution under vacuum. The d—l-alanine trihydrate complex 
was similarly prepared. 

Anal, Caled. for Nij/CH,CH(NH,)COO}),-3H,O: C, 24-94; H, 6-28; Ni, 20-31. 
l-Complex, found: C, 24-99; H, 6-22; Ni, 20-33. d-—l-Complex, found: C, 24-95; 
H, 6-51; Ni, 19-52. 


{2} W. E. Coorey, C. F. Liv and J. C. Battar, Jr., J. Am. Chem. Soc. 81, 4189 (1959). 

|3|) J. C. Bariar, Jr. (Editor), The Chemistry of the Co-ordination Compounds Chaps. 7-9. Reinhold, New 
York (1956). 

{4| E. J. Corry and J. C. Bariar, Jr., J. Am. Chem. Soc. 81, 2620 (1959). 

[5] M. WeizmMan and L. HaskeL_perc, Bull. soc. chim. France 4, 51, 66 (1932). 


541 


i 
q 
«<4 


D. Curran and J. V. QuAGLIANO 


A tetrahydrate d—/-nickel-II complex has been reported [6). 
was prepared by a modifi- 
cation of the method of ABDERHALDEN and SCHNITZLER [7]. Copper-II hydroxide 
was prepared by adding a solution of 1-1 g (0-0276 mole) of sodium hydroxide 
in 17 ml of water to a solution of 3-34g (0-0134 mole) of copper-II sulfate 
pentahydrate in 134ml of water. The precipitate was collected, washed and 
filtered. It was heated for | hr on a steam bath with 2-37 g of /-alanine in 70 ml 
of water; the hot solution was filtered and dark violet crystals formed on cooling. 
The crystals were powdered and washed with boiling alcohol, filtered, and then 
dried over sulfuric acid. The d—/-complex was similarly prepared. The /-complex 
obtained was anhydrous [8] but the d-/-complex crystallized as the monohydrate. 

Anal. Caled. for Cufl-CH,CH(NH,)COO)}),: C, 30-06; H, 5-05; Cu, 26-51. 
Found: C, 29-94; H, 5-05; Cu, 25-44. Caled. for Cujd—l-CH,CH(NH,)COO},-H,O: 
C, 27-96; H, 5-48; Cu, 24-65. Found: C, 28-06; H, 5-55; Cu, 24-25. 

sis-(/-alanino)—zine-II, Zn{/-CH,CH(NH,)COO},, was prepared by adding 2-45 g 
(0-03 mole) of zine oxide to a solution of 3-4 g (0-04 mole) of /-alanine in 200 ml of 
water and stirring for 20 hr at 45°C. The excess zinc oxide was removed by 
filtration and the filtrate was distilled to dryness under vacuum. The residue was 
well-dried, powdered and washed several times with boiling alcohol, then filtered 
and dried over sulfuric acid. The d—/-complex was similarly prepared. 

Anal. Caled. for Zn{CH,CH(NH,)COO}),: C, 2983; H, 5-00; Zn, 27-07. 
l-Complex, found: C, 30-43; H, 4-96; Zn, 26-55. d-l-Complex, found: C, 29-76; 
H, 5-20; Zn, 27-31. 

Spectra of /, d-l-alanine, the sodium salts, the hydrochlorides, and metal 
complexes were taken. Spectra of the hydrates reported for all the metal complexes 
were taken and the results are shown in Table 1. In addition, the hydrated 
nickel-IIl complex was heated in vacuo at 110°C over phosphorus pentoxide for 
24 hr, and the spectrum of the dehydrated Ni-I] complex revealed the absence 
of water. For bis-(alanino)—-copper-II the spectrum of the deuterated compound, 
CufCH,CH(ND,)COO)}),, was also obtained; deuteration was effected by re- 
crystallizations of the complex from 99-5°, D,O. 


Absorption measurements 

Infrared spectra were obtained by means of Perkin-Elmer models 21 and 221 
infrared spectrophotometers, using a NaC] prism. Measurements were made in 
the solid state using potassium bromide disks prepared according to the method 
of Stimson and O' Donne [9]. 


Discussion 
Based on the assignment of the observed infrared and Raman spectra of 
d—l-alanine {10}, the infrared bands observed for the bis-(alanino)—metal complexes 


N. Orntow, Chem. Zentr. II, 193 (1897); G. Brunt and C. Fornara, Gazz. chim., ital. 39, 519 (1906). 
7| E. ABpDERHALDEN and E. Scunrrzier, Z. physiol. Chem., Hoppe-Seyler’s 163, 94 (1927). 

8| P. Prerrrer and W. Cuistreverr, Z. physiol. Chem., Hoppe-Seyler’s, 245, 197 (1937). 

%| M. M. Stimson and M. J. O'Downewy, J. Am. Chem. Soc. 74, 1805 (1952). 

K. T. Ontsur, T. Saimanovucnt and 8. Mizusuima, Spectrochim. Acta 15, 236 (1959). 
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Table 1. Infrared frequencies (em) of alanino metal complexes 


Bis-(alanino)—nickel-IT 

Bise(alanino) Bis-(alanino) Assignments 
copper-II zine-IT hydrated dehydrated 

i* dl l dl l dl l dl 


3390 sh 3370 vs 3405 w 3400 w 


3320 sh 3345 sh 3340 sh 3360 w 3360 w 
3220 vs 3250 vs 3260 m 3300 s 3255 vs 3255 vs 3260 s 3260 5 NH.-str. 


3250 sh 
3130 sh 3150 sh 3120 m 3100 sh 
2970 sh 


2920 w 2970 w 2070 w 2950 w 2980 w 2900 w 2920 m 2930 m CH-str. 
2940 sh 2920 sh 2920 sh 
2580 vw 
2230 w 2260 w 2230 w 2330 vw 
1672 sh 1650 sh 1616sh 1615 sh H,O 
1626 vs 1630 vs 1620 vs 1608 vs 1595 vs 1590 vs 1590 vs 1595 vs OCO-anti sym. str. 
1580 w 1598 m 1l570sh 1576w 1570sh 1570sh NH,-bend 
1465 sh 1472 m 1483 vw 
1466 m 1456 m 1460 m 1470 m 1456 m 1463 m 1460 w 1463 w CH, -deg. def. 
1415 m 1425 m 1415 sh 14158 OCO-sym. 
1396 s 1397 s 1400 m 1397 m 1405s l4l5s 1405 s 1410s str. | 
1377 vw 1375 sh 
1365 m 1355 s 13708 1368 m 1370 m 1360 m 1370 m 1365m CH,-sym. def. 
1355 sh 1357 sh 1355 w 1359 sh 
1340 vw 1335 vw 1339 ww 1344 m 1348 w 
1305 m 1310 m 


1296 s 1300 s 1305 s 1313 m 1305 m 1300 m 1295 m 1300m CH-bend 
1282 vw 1286 sh 

1247 w 1232 w 1233 w 1242 w 1245 vw 1245 vw | 1231 vw 1232 vw 

1220 w 1215 vw 12l5vw 1205 vw 1205 vw 


1165 w 1154 w 
1l47s 1160s 1130s 1150 m 1165 m 1165s 1136 m 1134 m skel. str. 


11208 1120s 1108 s 1120s 1118 m 1113 m 1112 m 1113 m NH,-wag 


1075 m 1060 s 1042 w 1043 w 10758 1075 m 1085 s 1080 s CH,-rock 
1024 w 1035 m 1028 m 1030 w 1030 vw 
1016 vw 1027 ww 1012 w 1012 w 1000 w LOOSvw 
925 w 928 m 923 w 923 w 928 w 924 w 920 w 920 m skel. vib. 
850s 8568 850 m 850 m 855 m 850 m 852 m 850 m skel. vib. 
775 w 778 w 
785 m 788 m 778 m 768 w 776 m 776m 764 m 764 m NH, -rock 
766 w 772 w 
705 m 728 w 700 w 700 m 706 w 706 w 
6708 670 w 678 w 645 m 650 8 


* / designation symbolizes preparation from / isomer, and d—/ designation symbolizes preparation from 
d—l racemic mixture. 
vs very strong; s strong; m medium; w weak; vw very weak; sh shoulder, 


can be assigned as shown in Table 1. In the spectra of the anhydrous metal 
complexes, the bands above 3000 cm- can be assigned to the NH, stretching 
vibrations [11]. A shift of the stretching vibration to lower frequencies in the 
metal-alanino complexes, as compared with the sodium salt of alanine, shows the 
presence of nitrogen-to-metal bonds in the metal co-ordination compounds | 12}. 
The bands observed between 3000 and 2900 cm— arise from the CH stretching 
motions. 


(11) D. N. Sex, 8S. Mizusma, C. Curran and J. V. QuAGLIANO, J. Am, Chem. Soc. 77, 211 (1955). 
[12] G. F. Svavos, C. Curran and J, V. QuAGLIANO, J. Am, Chem. Soc. 77, 6159 (1955). 
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The OCO antisymmetric and symmetric stretching vibrations of the zwitterion 
of alanine are observed at 1630 cm Land 1420 em~', respectively. The corresponding 
bands of the metal co-ordination complexes are observed at almost the same 
concluded that the oxygen-to-metal bonds 


frequency, and, consequently, it is 
must be essentially electrostatic | 13). Thus the infrared spectra of alanine—metal 
complexes can be explained satisfactorily by assuming a covalent bond between 


the nitrogen atom and the central metal ion and an essentially electrostatic bond 
at the carboxylate ion. This is the same type of bonding present in the glycino 


metal complexes reported previously | 13}. 
The presence of water of hydration has an appreciable effect on the contour 


and complexity of the spectra of the metal complexes in the 3-4 and 6-4 regions. 
In the ease of the bis-(alanino)—nickel-II trihydrate complexes, the spectrum in 
the 3-u region is ill defined, showing a broad band. The anhydrous Ni'' complexes 
show three well defined peaks in this region the two higher frequencies arising 
from the NH stretching vibrations and the third sharp peak with a shoulder on 
rom the CH stretching vibrations. The broad 


its lower-frequency side arising f 
band in the 6-4 region containing two absorption peaks present in the hydrated Ni" 
complexes changes to a narrower band containing a single sharp absorption peak 
with a slight shoulder on the lower-frequency side. A similar dehydration effect 
has been reported for bis-(glycino) zinc-I1 monohydrate and_ its anhydrous 


complex [14]. 

Between the antisymmetric and symmetric stretching frequencies of the OCO 
group, the NH, bending and CH, degenerate vibrations appear at about 1580 
and 1470 em~, respectively. The former disappears on deuteration of the NH, 
group. In bis-(alanino) -nickel-II trihydrate, the NH, bending band is masked by 
the strong OCO antisymmetric stretching band. 
deformation vibrations, symmetric and rocking, are 


The remaining two CH, 
assigned to the bands at about 
appearing at 1340 cm 1 just below the CH, sy mmetric frequency disappear on 
deuteration of the NH, group, and must be assigned to vibrations of this group. 

The strong band at 1310 em~ in the spectrum of alanine is assigned to a bending 
vibration of the CH group. The corresponding bands of the metal complexes are 
observed at almost the same frequency. This is understandable, since such a 
carbon—hydrogen vibration will be hardly affected by co-ordination of the alanine 
ligand. Weak bands present at about 1250 em 1 in the metal complexes disappear 
on deuteration and must be related to NH, deformation motions. 

The CH, rocking vibration of alanine ‘< assigned to a band at 1116cm~'. The 


1370 and 1080 em~', respectively. Weak bands 


observed frequencies of the metal complexes close to this frequency are found at 
about 1120 and 1070em™, of which the former disappears on deuteration. 
1120 em— is assigned to the NH, wagging 


Consequently, the band at about 
vibration and that at about 1070 em™ is assigned to the CH, rocking vibration. 


The intensity and the profile of the bands are compatible with this assignment. 
In the region below these frequencies there are observed several frequencies 


[13 D. M. Sweeny, ©. CURRAN and J. V. Qt ,oLIAno, J. Am. ¢ hem. Soc. 77, 5508 (1955), 
14) A. J. SARACENO I. Nakacawa, 8, Mizusuma, C, CurrRAN and J. V. QUAGLI wwo. J. Am. Chem. Soc. 
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as shown in Table 1. Of these, the bands at about 780 and 670 cm~! disappear on 
deuteration of the NH, group. From the frequency, intensity and profile of the 
band at about 780 em~!, this is reasonably assigned to the NH, rocking vibration. 
Other bands which remain unchanged on deuteration can be assigned to the 
skeletal vibrations of the alanino ligands corresponding to those of the alanine 
molecules as shown in Table 1. 

Waient [1] first pointed out that the infrared spectrum of the d—/ form of an 
amino acid is sometimes different from the spectrum of either the d or / form of the 
acid when each is measured in the solid state. Our spectrum of solid d—/ alanine 


Wove Numbers, 


T T 


Percent Transmission 
a @ 
° ° 


Wove Length, “4 
Fig. 1. Bis-(alanino)-copper-IT; ——— (l-alanino); — (d—l-alanino) 


is slightly different from that of the /-isomer. For example, all the absorption 
bands present in the / form are also present in the d—/ form, but some slight shifts in 
frequency values, and differences in absorption intensities occur. The sodium salts 
exhibit differences in physical properties: the sodium salt of /-alanine readily 
adsorbs water from the atmosphere, whereas the corresponding d—/ sodium salt 
takes on water slowly. In the spectra of the sodium salt of the / and the d—/ forms, 
very slight differences in frequency values and relative intensities are also present. 
In the spectra of the hydrochlorides of the / and d—/ forms of alanine, greater 
differences appear in the positions and relative intensities of the absorption bands. 
In addition, several bands which appear as a single peak in the d—/ isomer are split 
into two peaks in the / isomer. In this respect it is interesting to report that our 
studies of the spectra of other / and d—/ forms of the same amino acid show, in 
addition to differences in position and relative intensity, a splitting of some bands, 
sometimes in the / form and sometimes in the d—/ form. 

Differences also exist in the position, relative intensity, and number of absorp- 


tion bands in the spectra of the solid metal complexes of Cu'', Zn"! and Ni! 
synthesized with the d—/-alanino ligand as compared with those synthesized with 
the /-alanino ligand. These differences in the spectra of the Cu‘! metal complexes 
of /- and d—lalanine are shown in Fig. 1. It should be noted that the number of 
bands observed for /-alanino complexes is greater than observed for the complex 
prepared from the d—/-alanino ligands. This may be explained as follows. In trans 


coplanar square metal complexes containing one d- and one /-ligand, the existence 
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of a center of symmetry is possible, whereas in the corresponding /-complexes this 
is not possible. If a center of symmetry exists, transitions associated with 
vibrations symmetric to the center will be forbidden, and the number of absorption 
bands in the spectra of the d/ complexes will be reduced. In the preparation of 
these tetracovalent metal complexes using the d-/ racemic mixture of alanine, 
two possibilities arise. In the same complex molecule one d and one / ligand, dl, 
may be involved in co-ordination, or some of the metal complex molecules may 
contain two d ligands, dd, and the other complexes contain two / ligands, Il. 
Extensive studies of the stereoisomerism of hexacovalent metal complexes [3] 
have shown that these compounds containing optically active ligands do not exist 
in all the possible stereochemical forms, but preferred configurations are induced 
by the optically active co-ordinating groups. Thus the number of stereoisomers 
which can be isolated is less than those theoretically possible. These selective 
effects by the optically active ligands may also operate in tetracovalent metal 
complexes and tend to fix a definite configuration upon the complex as a whole. 


Acknowledgement—The writers express their thanks to Professor 8. Mizusnima for 
some discussions in the interpretation of the infrared data. This investigation was 
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Abstract—A technique for determining a number of impurities in titanium tetrachloride by 
means of the infra-red absorption spectra has been developed. It has been established that the 
partial hydrolysis of titanium tetrachloride proceeds according to the scheme: 


TiCl, + H,O TiOCl, + 2HCI 


THE requirements imposed on the purity of titanium intended for production are 
very high, since its properties depend strongly on small quantities of impurities. 
The chemical and physicochemical methods of analysis used at the present time 
do not permit one to perform a complete examination of all the impurities in 
titanium tetrachloride which is an intermediate product of the manufacture of 
the metal. To analyse titanium tetrachloride for many impurities and to determine 
their molecular nature it is most convenient to use the method of infra-red 
absorption spectroscopy. In [1] the possibility of quantitative determination of 
some impurities in titanium tetrachloride from the infra-red absorption spectra is 
indicated and the spectrum of pure titanium tetrachloride in the 2-15 uw region is 
reproduced and its approximate interpretation is given. In [2] the possibility of 
spectrochemical, spectrophotochemical and cryoscopic methods of analysis are also 
examined. The values of the natural vibration frequencies of the titanium tetra- 
chloride molecule lie in the far infra-red region of the spectrum and therefore pure 
titanium tetrachloride possesses good transparency in a wide range of frequencies. 
This produces high sensitivity of analysis for many impurities and offers the 
possibility of building instruments for continuous inspection in a stream of liquid. 
The aim of the present work was to study the molecular composition of the 
various impurities in titanium tetrachloride and to develop methods of quantita- 
tively determining them by means of infra-red absorption spectra. 

The work was carried out on single-beam IKS-6, IKS-12 and Perkin-Elmer 12B 
spectrometers with lithium fluoride prisms in the range 1800-3600 cm- and 
sodium chloride prisms in the range 700-1850 

In the infra-red spectra of different samples of technical titanium tetrachloride, 
a large number of absorption bands belonging to organic and inorganic impurities 
were discovered. The most characteristic of these were HC], TiOC],, VOCI,, COCI,, 
C,Cl,, CC1,COC], CHC],COCI, CH,C1.COCI, SiCl,. In some samples a number of 
bands in the vibration regions of the CH and OH groups belonging to compounds 
of unknown composition were observed. 


{1] R. B. Jonannesen, C. L. Gorpvon, J. E. Stewart and R. Giicurist, J. Res. Nat. Bur. Standards 58, 
197 (1954). 
(2] W. 8S. Crasauen, R. T. Leste and R. Gricurist, J. Res. Nat. Bur, Standard 65, 261 (1955). 
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In order to develop the techniques of analysing titanium tetrachloride quanti- 
tatively for the main impurities, the spectra of standard solutions of these 
substances in pure titanium tetrachloride were obtained. The calibration graph 
for all the cases has the form of a straight line and consequently the Lambert—Beer 
law is obeyed in the interval of concentrations studied. In Table 1, the absorption 
coefficients and analytical sensitivities for the impurities studied are quoted. 
Special attention was paid to the development of techniques for quantitatively 
determining the products of the hydrolysis of titanium tetrachloride, which in 


Table | 


Absorption 
Absorption band rT Sensitivity, 
1) coefficient . 


1) 


Impurity 


(em (weight 


(em 


HC] 2830 30-0 0-0002 
Tiocl, 82] 426-0 0-00001 
0-0008 
1356 00-0006 
vocl, 2061 0-004 
1654 
1812 . 00-0002 
C,Cl, 1301 20°: 0-0005 
CHCLCOC!I 1779 00-0001 
CH,CICOC! 1785 0-0002 
1820 0-00005 


CO, 2338 164-0 0-00008 


turn required the investigation of the mechanism of its partial hydrolysis. There 
are indications that the hydrolysis of titanium tetrachloride proceeds by two 
routes with the formation of oxychlorides and hydroxychlorides of titanium. 
In the spectra of solutions of small quantities of light and heavy water in titanium 
tetrachloride no bands due to OH and OD valency vibrations were found, which 
permits one to draw the conclusion that the hydrolysis process proceeds with the 
formation of oxychlorides of the Ti--O—Ti or Ti=-O type and not of hydroxy- 
chlorides, in agreement with the results of the authors of reference [1]. In the 
spectra of these solutions bands were discovered at 821, 1184 and 1356 cm~', the 
frequencies being independent of the isotope composition and the intensity 
increasing with the quantity of water introduced into the titanium tetrachloride. 
Since the Ti—O—Ti group according to the results in reference [3] corresponds 
to two bands in the 750-850 em~' region there are no justifications for thinking 
that compounds of this type are formed in this case. An approximate estimate of 
the force constant of the TiO bond from Gorpy’s [4] formula (for the parameter 
ry, the TiO distance in rutile of 1-06 A was taken) gives the value of 825 em~! 


3) V. A. Zerrcer and C. A. Brown, J. Phys. Chem. 61, 1174 (1957). 
4) W. Gorpy, J. Chem. Phys. 14, 305 (1946). 
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for the vibration frequency of the TiO group, which almost coincides with the 
experimental value of 821 cm~'. The high intensity of the 821 em band also 
supports this interpretation. From the results of chemical analysis the ratio of the 
quantities of Ti and Cl in the product of the hydrolysis of titanium tetrachloride is 
equal to 1:2, while ebullioscopic measurements of its molecular weight give a value 
close to 135 [5]. On these grounds one may draw the conclusion that in excess of 
titanium tetrachloride its hydrolysis proceeds according to the scheme: 


TiC], + H,O TiOCl, + 2HCI (1) 


To develop the technique of analysing TiCl, for HCI, the preparation of standard 
solutions was carried out by introducing known quantities of water into pure TiC], 
breaking ampoules containing water situated in a sealed flask containing TiCl,. 
The concentration of hydrogen chloride was calculated by starting from the 
quantity of water introduced in accordance with equation (1). To estimate small 
quantities of titanium oxychloride in titanium tetrachloride up to 0-05 per cent the 
821 cm~! band is more convenient since it is approximately a hundred times more 
intense than the two other bands. At concentrations of 0-05—0-5 per cent the 
1356 band is more convenient than the 1184 band since the latter 
masks the bands of other impurities. However, in the case of the presence of 
hexachlorobenzene, which has a band at 1351 em~!, the 1184 em~ band has to be 
used for analysis. 

In the spectra of technical samples of titanium tetrachloride were observed 
two absorption bands characteristic of VOCI,, one at 1035 em belonging to the 
fundamental valency vibration of the VO group and the other at 2061 em~ corre- 
sponding to the first overtone of this vibration |1, 6]. The overtone band was chosen 
for analytical purposes since a strong titanium tetrachloride band superimposes on 
the 1035 em~ band. The analytical sensitivity with this band is not high but it is 
sufficient for practical purposes. 

Two analytical bands were chosen for the determination of phosgene, viz. 
the valency vibration of the carbonyl group at 1812 em! and a band at 1654 cm~ 
belonging to the first overtone of the antisymmetric valency vibration of the CCl, 
group. The authors of reference [1] recommend the 1812 em band for analysis 
but it is convenient to use it in those cases where chlorine-substituted acetyl] 


phosgene 


chlorides, the carbonyl bands of which superimpose on the 1812 cm 
band, are not present in the TiCl,, Of other organic impurities in titanium 
tetrachloride, hexachlorobenzene was found; in the spectrum of this, two intense 


absorption bands at 1301 and 1351 em~ are observed. The 1301 cm~' band was 


chosen for analysis since the band at 1351 cm~ is almost always masked by the 
titanium oxychloride band at 1356cm~. In the spectrum of the solution of carbonic 


acid gas in titanium tetrachloride one maximum with a frequency of 2338 cm~, 
which was used for quantitative analysis, is observed. 

In reference [1] the impossibility of simultaneously determining mono-, di- and 
tri-chloracety! chloride in titanium tetrachloride from the valency vibration band 


(5] T. A. ZavarirsKata and 8, 8. Pusrovatova, T'svetnye metal 10, 50 (1958). 
(6) F. A. Mrvier and L. R. Cousins, J. Chem. Phys. 26, 329 (1957). 
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of the carbony] group is pointed out, since this has the same frequency of 1802 em 
for all three molecules. The investigations of the spectra of solutions of chloracety! 
chlorides in titanium tetrachloride carried out by us showed that only in the case 
of trichloracetylchloride does the position of the maximum of the band of the 
carbonyl group coincide with the values given, while in the case of both mono- 
and di-chloracetylchloride the bands have two maxima, viz. at 1785 and 1820 em-', 
1779 and 1809 em~", respectively. Depending on the conditions of analysis it is 
possible to use any of the bands indicated for the simultaneous determination of 
chloracety] chlorides in titanium tetrachloride (see also [7]}). 

The analysis error in the determination of the impurities in titanium tetra- 
chloride enumerated does not exceed 8-10 per cent. 

The use of infra-red spectroscopy for the analysis of titanium tetrachloride 
permitted one to check the purification process and also to decide a number of 
questions concerning the preparation of titanium. In addition, it proved possible 
to determine the solubility of certain gases (HCI, CO,, COCI,) at various 
temperatures by means of this method. 


L. J. and R. L. J. Chem. Soc. 3465 (1958). 
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(Received 30 January 1960) 


Abstract—The sodium and potassium content of blood serum can be determined on samples of 
less than 0-1 ml by atomic absorption measurements in an air—coal gas or air—acetylene flame. 
The results agree with those obtained by flame photometry. 


Introduction 


In Parts I and II of this series of papers [1, 2] it was shown that the method of 
atomic absorption spectroscopy [3, 4] could be applied to the rapid and accurate 
determination of calcium and magnesium in blood serum. In the present paper it 
is shown that sodium and potassium may also be estimated by this technique, and 
that the same solution of serum may be used if necessary for determination of 
both sodium and potassium or of potassium, calcium and magnesium. 


Apparatus 

The apparatus was that described in Part I. Hollow-cathode discharge tubes 
to give the resonance lines of sodium and potassium were constructed by depositing 
a layer of sodium or potassium nitrite in an aluminium hollow cathode, but 
Philips discharge lamps were found equally satisfactory, providing they were 
under-run in order to minimize pressure broadening of the resonance lines 
(Na, 5890, 5896 A; K, 7665 A). Replacement of the 1P 28 photomultiplier 
by a 1P 22 was found advantageous in measurements at 7665 A. 

Flame photometric measurements were carried out with an “EEL” flame 
photometer using an air—coal gas flame. 


Experimental procedure 
Freshly distilled water taken from a Pyrex-glass still was stored in Polythene 
containers. It showed no measurable sodium or potassium absorption in the 10-cm 
flame. Standard solutions were made up by dilution from stock solutions 
containing 1000 p.p.m. of the metals in the form of their chlorides. All solutions 
were stored in Polythene bottles. 


Determination of sodium 


Sodium chloride is apparently completely atomized in the flame, as measure- 
ments showed that the absorption of a solution sprayed at a given rate into a 
(1) J. B. Wiis, Spectrochim. Acta 16, 259 (1960). 

(2) J. B. Wixiis, Spectrochim. Acta 16, 273 (1960). 


[3] A. Watsn, Spectrochim. Acta 7, 108 (1955). 
[4] B. J. Russewy, J. P. SHevron and A, Wats, Spectrochim, Acta 8, 317 (1957). 
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flame was almost independent of the type of flame and of the height in the flame 
at which the absorption was measured 

Since sodium occurs at relatively high concentrations in serum (~3500 p.p.m.) 
and the atomic absorption method is so sensitive, it is desirable to have a convenient 
means of reducing the sensitivity to a level at which sodium and potassium can be 


measured in the same solution and at which sodium concentrations are high 


Optical density 
> 


250 


No, ppm 


Fig. 1. Typical calibration curves for sodium: (a) 10-em burner 
at right angles to light path, : 5800 A. (c) 10-em burner, 3302 A. 


A. (b) 10-em burner 


enough to make risk of accidental contamination negligible. By the methods 
described below, solutions containing up to 1000 p.p.m. of sodium could be 
measured 

(1) Use of the 10-cem burner with the 5890 A resonance line e nabled measurement 


of solutions of 0-10 p.p.m. 

(2) By turning the 10-cm burner through 90° the light path was reduced to 
about 0-5 em and solutions containing up to about 200 p.p.m. could be measured, 
using the 5890 A line. 

(3) Still higher concentrations (up to about 1000 p.p.m.) could be measured 
using the 10-cm burner in the ordinary way but using the second resonance 
doublet of sodium (4 * 3*S,,., 4° 2: 3302-3, 3302-9 A) for which 


the oscillator strengths are : oaks O-O14 of > for the first resonance doublet 


at 5800, 5S06 A 5}. 
Typical calibration curves for the three methods are shown in Fig. |. 


(5) A. and W. Proxortrer, Z. Physik 56, 458 (1929). 
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The other components of the serum were found not to interfere with the 
determination of sodium, so that standards containing sodium alone could be used. 


Table | shows that, by use of the three different techniques described above, 


dilutions of serum from 1:10 to 1:500 could be satisfactorily measured in either 


the air-gas or air-acetylene flame. Table 2 shows the reproducibility of the 


results obtained by method (2) on six replicate solutions of one serum. While 


Table 1. Sodium determination: effect of dilution and flame type 
(Na, mg/100 ml) 


Flame Resonance Serum | Serum 2A 
Dilution length line 

(em) (A) Air-gas Air acetylene Air-gas Air-acetylene 
1:10 10 3302 313 319 341 340 
1: 20 10 3302 309 311 335 342 
1:50 ~O5 5890 303 308 342 344 
1: 500 10 5890 306 306 343 341 


Table 2. Results of replicate determina- 


tions of sodium in serum 
(Serum 2A, 0-125 ml diluted to 5 ml, 


method 2) 


Air—gas Air-acet ylene 


(mge/ 100 ml) (mg/100 ml) 


344 336 
349 341 


346 339 
344 334 
348 340 


338 


Mean 338-0 


these figures include any volumetric errors in making up the solutions they do 
not show errors in the calibration procedure. Table 3 shows the results of recovery 


experiments using method (2), while agreement between the results of atomic 


absorption measurements and flame photometric measurements is shown for a 


series of sera in Table 4. 


Determination of potassium 


In contrast to sodium, the degree atomization of potassium in the flame 


depends markedly on the type of flame used. In general a cool, fairly rich flame is 


necessary to obtain optimum sensitivity in absorption, as can be seen from Fig. 2, 


which shows typical calibration curves for (a) an air—coal gas flame, measured just 


above the zone of unburnt gas, (b) a rich air—-acetylene flame, measured at the tip 
of this zone, and (c) a lean air—acetylene flame, measured several millimetres 


above this zone. 


3 
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» 3. Sodium determination: recovery experiments 


method 2) 


Conc. of Na 
Serum Flame in serum soln Na added | Total Na Recovered Recovery 
(p.p.m.) (p.p.m.) (p.p.m.) (p.p.m.) o) 


gas 47-9 20-0 79 100-7 
gas 40-0 101-3 
acetylene 47 20-0 99-1 

10-0 98-1 
40-0 103-5 
10-0 103-8 
30-0 101-4 
28-0 97-6 


100-7 


~ 


acet vlene 47 
vas 5l 


acetvlene 


as 


Vow 


Sodium determination: comparison of atomic absorption (method 2) 
and flame photometry 


(Na, mg/100 ml) 


: Difference 
Serum Atomic absorption Flame photometry 


300 8310 
341 345 
332 340 
353 
291 
338 
324 
328 


349 


Investigation of the effect on potassium absorption of the presence of sodium, 
calcium, magnesium and phosphorus in the proportions in which they oceur in 
serum showed that the only measurable effect was.a slight enhancement by 
sodium (Fig. 2). This enhancement was greatest for the lean air—acetylene flame 
and least for the air—coal gas flame. Though small, it was sufficient to lead to 
erroneous results if measurements were made on directly diluted serum relative to 
standards containing potassium alone. Such measurements yielded results which 


were approximately the same as those obtained by flame photometry, but which 


varied slightly with dilution and with the type of flame used. Recovery of added 
potassium varied from 90 to 110 per cent. When a large excess of sodium 
(1000 p.p.m.) was added to both the serum solutions and standard solutions, 
results were obtained which were independent of both degree of dilution and type 
of flame (Table 5), and recovery of added potassium then approximated closely 
to 100 per cent. Table 6 shows the results of reproducibility tests on replicate 


solutions. 


| 
Air 
Ain 
2A Air 
Au 
40 An 
41 Ai 
Av. 
Table 4. 
16 
OLD 
l 0-3 196% 
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42 9.5 
43 9.7 
44 2-4 
a 15 +2-2 
16 352 O-{ 
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Table 5. Potassium deter 


Dilution 


: 25 (in water) 

40 (in water) 

: 70 (in water) 

7 (in water with Na 
p-p.m ) 

: 25 (in water with Na 
1000 p.p.m.) 

: 50 (in water with Na 
1000 p-p-m.) 


etiect 


Reference solutions 


Ix 
IX 


IX 


alone 
alone 


alone 


Na 


L000 p.p.m 


1000 p.p-m. 


L000 p-p-m. 


VA 


f dilution and flame type 
(IX, mg/100 m 


Flame 


acety lene 


ch) 


17-0 
17-6 


18-7 


15-4 


Op} 


Au 


(serum 5 


4, Ai 905 
= / r 
| / 
/, / 
04 7 
; 4 
4 / 
/ 4, AY 
= / 4 4 ‘ 
// 
Ui 
j Yj 
Fig. 2. Typical calibration curves for potassiur K alon K + Na, 
: tho p.p.m. 
15-4 17-4 
| 16-0 18-2 | 
l 15-4 15-6 
15-1 15°] 15-4 
15-5 15-0 15-5 
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The potassium content of serum may be measured on solutions prepared by 
direct dilution with water provided that the standards contain sodium at about 
the same concentration at which it occurs in the serum solution [(method (a)]. 
Alternatively, excess sodium may be added to both the serum and reference 


solutions, and a convenient way of doing this is to dilute the serum with a solution 
of the disodium salt of ethylene diaminetetracetic acid as was done in Parts | 


Table 6. Results of replicate deter- 

minations of potassium in serum 

(Serum 2A, 0-5 ml diluted to 10 ml 
with water*) 


Air—acet ylene 
(rich ) 


14-80 15-68 
14-80 15-80 
14-65 15-61 
14-68 15-40 
15-06 15-80 


Mean 14-80 
s.d. 0-16 


* The difference between the results obtained with the two flames is 
due to the fact that the reference solutions did not contain any sodium. 


and II for the determination of calcium and magnesium |(method (b)]. Table 7 


shows the results of recovery experiments to demonstrate the effectiveness of 


these two techniques. 

Table 8 shows the potassium contents of a number of sera measured by the 
atomic absorption technique and by flame photometry. It will be seen that the 
agreement between methods (a)+ and (b)* is better in absorption than in emission 
and that on the average the atomic absorption results are slightly lower than those 
obtained by flame photometry. However, in view of the very high sensitivity of the 


flame photometer reading to small changes in air pressure and the difficulty of 


holding the air pressure perfectly constant, it would be unwise to place too much 


* With many flame photometers an enhancement of the potassium emission by sodium has been 
noted [6-8]. This interference is reported to be negligible with the ““EEL” flame photometer at the 
concentrations found in dilute serum solutions |9%|, and the makers of the instrument state that there is 
no need to add sodium to the reference solutions in serum potassium determinations |10|. However, the 
writer has sometimes found a slight enhancement of the potassium emission by sodium, so that the use of 
sodium-containing standards was considered advisable. The extent of the sodium interference on the 
emission of potassium sems to be critically dependent on the type of fuel and is least for a low-temperature 
flame such as air—butane 

* The filter supplied with the “EEL” instrument transmits so little light at 5890 A that potassium 
concentrations in the 0-10 p.p.m. range can be measured even in the presence of large amounts (L000 
p.p.m.) of sodium 

6) J. Specror, Anal. Chem. 27, 1452 (1955). 
7] R. Vavencta, Bull. soc. chim. biol. 38, 1071 (1956) 
8} H. TeLon, Clinical Flame Photometry pp. 51-53. Charles C. Thomas, Springfield, Ill. (1959) 
0) M. Purreces and N. E. Nessim, Analyst 82, 467 (1957). 
Method Sheet D6. Evans Electroselenium Ltd., London. 
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Table 7. 


The determination of metals in blood serum by atomic absorption spectroscopy 


Potassium determinations: recovery experiments 


Serum 


40 Air 
Air 
Air 
41 Air 
Air 
Air 
50 Air 
Air 
Air 


Flame 


gas 
acetylene (rich) 
acetylene (lean) 
gas 
acetylene (rich) 
acetylene (lean) 
gas 
acetylene (rich) 
acety lene (lean) 


Cone. of K 
in serum 
soln. 


(p.p.m.) 


K added 


(p.p.m.) 


2-00 
2-00 
2-00 
2-40 
2-40 
2-40 
1-50 
1-50 
l 


‘50 


Method (a) 


Total K 
(p-p-m.) 


Method (b) 


3° 
3. 
3. 
2. 


Recovered 


(p.p.m.) 


(%) 


Lecovery 


40 Air—gas 1-86 2-00 3°86 3°84 99-5 
Air—acetylene (rich) 1-79 2-00 3-79 3-80 100-3 
Air—acetylene (lean) 1-93 2-00 3-93 4-00 101-8 

41 Air-gas 1-55 2-40 3°95 3-99 101-0 
Air—acetylene (rich) 1-49 2-40 3-89 3°87 99-5 
Air—acetylene (lean) 1-62 2-40 4-02 4°16 103-5 

50 Air—-gas 2-41 4-00 6-41 6-33 98-8 
Air—acety lene (rich) 2-43 4-00 6-43 6-24 97-0 

"acetylene (lean) 2-37 4-00 6:37 6-15 


Table 8. Potassium determination: comparison of atomic absorption and flame photometry 


(K., mg/100 ml) 


Atomic absorption Flame photometry 


serum 


(b) (a) (b) 


18-6 


47 19-0 19-4 19-0 20-0 
48 15-1 15-4 15-7 16-0 
49 15-6 16-2 16-8 17-2 
50 14-6 15-8 16-6 


Method (a) 0-5 ml serum diluted to 25 ml with water. Reference solutions: K Na 65 p.p.m. 
Method (b) 0-5 ml serum diluted to 25 ml with EDTA solution (10,000 p.p.m.). 


solutions: K EDTA 10,000 p.p.m. 


{eference 


|| 
= 1-82 3-82 84 100-5 
1-75 3-75 78 100-8 
1-85 3°85 92 101-8 
; 1-49 3-89 95 101-5 
1-47 3°87 78 97-7 
1-47 3°87 95 102-1 
7-05 8-55 46 98-9 
7-00 8-50 54 100-5 
» 7:15 8-65 67 100-2 
Av. 100-4 
} Av. 99-8 
‘ 
4 
(a) 
2A 15-1 14-4 15:1 15:1 
40 13-1 13-5 13-0 14-2 
42 21-5 22-0 22-5 22:1 
43 22-1 22-7 23-0 23-2 
i 44 18-9 Is-9 19-7 19-3 
45 19-6 20-2 19-5 20-7 
46 18-2 18-7 19-5 
5ST 


J. B. 


reliance on the flame-photometer results in assessing the accuracy of the atomic 


absorption method. 


Dy termination of seve ral metals in the same solution 
If it is desired to measure the sodium and potassium contents of serum on the 
same solution, this may be done by diluting the serum twenty- to fifty-fold with 


water and measuring sodium by method (2) or (3) and potassium by method (a). 


Potassium, calcium and magnesium may all be measured on a solution prepared by 
diluting the serum twenty-fold with EDTA solution (10,000 p.p.m )and measuring 


the absorptions relative to standards containing the same concentration of EDTA. 


Conclusions 


‘he atomic absorption method applied to the determination of sodium and 
potassium in blood serum gives results which agree with those obtained with the 
flame photometer. The amount of serum required and the time taken are about the 
same in the two methods. Thus, if calcium and mas nesium estimations are being 
carried out with an atomic absorption spectrophotometer, sodium and potassium 


determinations may with advantage be made on the same instrument. 


r is indebted ft T. F. Neares, of the Botany Department, 
ise of tl yhot eter. and to Dr. Sara Werpen for the 
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Inter- and intra-molecular hydrogen bonding in anilines 


V. C. Farmer and R. H. THomson 
The Macaulay Institute for Soil Research, Craigiebuckler, Aberdeen, and 
Chemistry Department, The University, Aberdeen 


(Received 20 January 1960) 


Abstract—The equilibrium between intramolecularly hydrogen-bonded species and solvent- 
bonded species of some substituted anilines in pyridine solution is examined by infrared spectro- 
scopy. Both forms of o-nitro-N-methylaniline, but only the intramolecularly bonded form of 
o-ethoxycarbonyl-N-methylaniline are present. In both aniline and o-nitroaniline only one 
amino-hydrogen is bonded to pyridine: this N--H bond gives two strong absorption bands near 
3200 cm™!, due to Fermi resonance between its stretching frequency and the overtone of its 
deformation frequency. 


THE many researches on the effects of hydrogen-bonding on the vibrations of 
hydroxyl groups have provided information from which the environment of 
hydroxyl groups in molecules can be deduced. Factors affecting the infra-red 
absorption of amino groups have not yet been so fully explored. This paper 
presents information obtained from an examination of these groups in pyridine 
solution. 

Studies of hydrogen bonding involving amines have shown that the N—H 
stretching frequency is generally displaced less than is the O—H frequency under 
similar circumstances. In some cases, particularly with aromatic amines having 
an o-nitro group, the displacement is so small as to raise doubts whether any intra- 
molecular bonding in fact occurs [1-3]. However, we have reported evidence 
for intramolecular hydrogen bonding in some o-nitrodiazoaminobenzenes, in 
which the N—H absorption is only 8 cm~' lower than that of unsubstituted 
diazoaminobenzene [4], but is three times more intense. Hydrogen bonding 
in o-substituted diazoaminobenzenes was indicated by the stabilization of those 
tautomers (A or B) in which chelation is possible. The small frequency shift is 


X Y X Y 
NH—N=N N=—N—NH 


A B 


probably due to the fact that the inductive and mesomeric effects of the o-nitro 
group, which tend to raise the N—H frequency, almost compensate for the 
tendency of hydrogen bonding to lower the frequency. 


1} L. K. Dyavt and A. N. Hamsary, Australian J. Chem. 11, 513 (1958). 


T. Urpanski and U. DaprowskKa, Chem. & Ind. (London) 1206 (1958). 


3) L. J. Bectamy, The Infrared Spectra of Complex Molecules (2nd Ed.) p. 254. Methuen, London (1958) 

4) V. C. Farmer, R. L. Harpie and R. H. Taomson, Hydrogen Bonding. Papers presented at the 
Symposium on Hydrogen Bonding at Ljubljana, 1957 (Edited by D. Hanzi) p. 475. Pergamon Press, 
London (1959). 
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These results suggest that some criterion other than frequency shift should be 
applied to distinguish intramolecular bonding in nitroanilines. A more funda- 
mental criterion 1s that such intramolecular bonding should reduce the tendency of 
the hydrogen involved to form intermolecular hydrogen bonds. Accordingly, we 
have examined the infra-red spectra of some anilines in py ridine solution, and 
have found that o-nitro-N-methylaniline exists partly as an intramolecularly- 
bonded species, and partly as a py ridine-bonded species in this solvent. The 


absorption of the N H group of the solvent-bonded species gives a broad shoulder 


cm 


Fig. 1. o-Nitro-N-methylaniline in pyridine solution, 0 25 M in 0-1l-mm cells, 


on the low-frequency side of the sharp absorption band due to the chelated form 
(Fig. 1). This sharp band is at the same frequency (3390 cm !) as the absorption 
of o-nitro-N-methylaniline in carbon tetrachloride solution. A molecular model 
indicates that, in the solvent-bonded species, the N—H bond must lie out of the 
plane of the benzene ring, whereas in the chelate, a planar conformation is to be 
expected. Resonance forces also tend to stabilize this planar form, but it is 
considered unlikely that such forces would by themselves prevent o-nitro-N- 
methylaniline from forming hydrogen bonds with pyridine. In contrast to the 
o-nitro derivative, o-ethoxycarbonyl-N-methylaniline remains entirely in the 
intramolecularly bonded form in pyridine, as its absorption in this solvent, 
at 3370 cm~, is identical in position and contour with its absorption in carbon 
tetrachloride. N-Methylaniline is, of course, entirely solvent-bonded in pyridine, 
where it gives a broad band at 3320 em-', in contrast to its sharp absorption 
at 3430 cem~! in carbon tetrachloride. These observations parallel those obtained 
with diazoaminobenzenes [4], in which intramolecular hydrogen bonding to an 
ethoxycarbony! group was stronger than to a nitro group. 

The absorption of primary amines in pyridine was also studied. With these 
amines there seemed a possibility of two associated species, according to whether 
one or both hydrogens were bonded to pyridine, ie. A + 2P = AP - P = AP, 
where A represents the amine and P the pyridine molecule. Each of these species 
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could give rise to two N—H stretching frequencies. In fact, o-nitroaniline gives 
three well resolved bands in pyridine | Fig. 2(a)], all of which appear to arise from the 
species AP only. The sharp band at 3453 em~ clearly arises from that N—H bond 
of the species AP which is not involved in bonding to the pyridine, but the two 
broad bands at 3290 and 3150 em~! might possibly be ascribed to a superposition 
of the absorption of the solvent-bonded N—H bond of AP on those of the species 
AP,. However, this requires that the relative intensities of these two bands 
should be markedly dependent on the concentration of pyridine. In fact, we find 


c 
a 


Fig. 2. o-Nitroaniline in pyridine solution {(a) 0-25 M in 0-1-mm cells] and in carbon tetra- 


chloride containing 5°, pyridine |(b) 0-05 M in 0-5-mm cells}. 


their relative intensities to be the same in pure pyridine as in a carbon tetra- 
chloride solution containing 5 per cent pyridine, although about 50 per cent of 
the o-nitroaniline in the solvent mixture is present as the free amine, absorbing 
at 3510 and 3390 em~' | Fig. 2(b)]. We therefore ascribe both broad bands to the 
species AP, and suggest that they arise by Fermi resonance between the solvent- 
bonded N—H stretching vibration, and the overtone of the N—H deformation 
vibration whose fundamental is near 1600 em-'. The fact that one N—H bond of 
o-nitroaniline is not solvent-bonded to pyridine does not establish that it is 
intramolecularly bonded to the nitro group, as aniline itself in pyridine solution 
gives three absorption bands around 3300 em~! (Fig. 3), which we again ascribe to 
the species AP only, by the same criterion as has been presented for o-nitroaniline. 
That only one pyridine molecule is hydrogen bonded to aniline may be in part due 
to a steric effect. Another factor, probably more important, is that a negative 
charge is induced on the nitrogen when one hydrogen is involved in hydrogen 
bonding and this negative charge must reduce the tendency for the second 
hydrogen to form a hydrogen bond. 

The spectrum of o-nitroaniline in pyridine does, however, provide evidence for 
interaction between an N—H group and the nitro group. This is the great intensity 
of the sharp high-frequency absorption at 3453 em. The corresponding absorption 
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of p-nitroaniline in py ridine solution is only a very weak shoulder on the side of 


the strong. broad, low-frequency bands. Hydrogen bonding is also indicated, as 
has been pointed out by Morrrz [5], by the fact that the two N—H frequencies of 
»-nitroaniline in carbon tetrachloride solution do not obey the relationship 
established for unperturbed amines 

The three absorption bands near 34 which we have found in pyridine solutions 
of these primary aromatic amines are of considerable interest, as they suggest an 
explanation for the three absorption bands shown by many primary aromatic 


Fig. 3. Anilu ny dine solution 0-5 M in O1-mm cells! and in carbon tetrachiorid: 
ntaining 5 pyridine b) 0-05 M in I-mm cells 


amines in the solid state [6], by liquid aniline [7], by aniline* and o nitroaniline in 


dioxan solution [8], and by hydrogen-bonded complexes of primary amines [9]. 
We propose that in all these cases only one hydrogen of the amino group is 
involved in intermolecular hydrogen bonding, and that the overtone of the N—H 
deformation frequency enhanced by Fermi resonance, accounts for the third 
vibration. Fermi resonance of N—H stretching vibrations with appropriate 
overtones has already been suggested to account for additional absorption bands 
shown by peptides [10] and urea and thiourea {11} in the 3-a region 

The spectra were recorded on a Grubb—Parsons double beam spectrophotometer, 


type S4, equipped with sodium chloride prism 


nplex Molecules 2nd Ed.) p. 255 Methuen, London 


Frseox. M. L. Josrex. R. L. Powettr and E, Urrersack, J. Chem Phys. 20, 145 (1952 
N. HaAMBLY and J. BONN YMAN fustralian Chem ll, 520 (1058 

J L. A. Du~canson and L. M. Vewanzi, J. Chem. Soc, 2712 (1956) 
10) R. M. Baperr and A. D. E. Puiorw, J. Chem. Phys 2 1142 (1954) 

R. M. Bapeer and R. D. Watprow, J. Chem Phys. 26, 255 (1957). 
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Hydrogen-bond energies of acetic and n-butyric acids in the 
vapour phase by infra-red spectroscopy* 


\. W. Pross and F. van ZEGGEREN 


Canadian Industries Limited, Central Research Lal tor Me Masterville, Quebe« 
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Abstract Infra-red intensities at different temperatures were related to vapour phase equ 


librium conditions betw 


Introduction 


HyproGEN-bond energies in dimers of carboxylic acids have been evaluated by a 


variety of techniques The most accurate determination to date is the one by 


WELTNER /1] who measured specific heats of acetic acid monomers and dimers in 


the vapour phase from vibrational assignments of infra-red spectra, and obtained a 


heat of dimerization of 15-05 0-05 keal/mole. Other determinations were made 
by MacDovuGa.t [2], FENTON and GARNER [3 LITTER and Simons [4], JOHNSON 


and Nasu [5] and TayLor [6] who all measured the unsaturated vapour pressures 


of acetic acid at different temperatures in various pressure ranges. Infra-red 


absorption techniques have been used for determining hydrogen bond energies of 


dimers in solution, e.g. for acetic, benzoic and trichloroacetic acids by Davies and 


SUTHERLAND 
Few spectroscopic measurements of dimer dissociation in the vapour phase have 


been mad BADGER and BaveER!s] carried out the first spectroscopic Investigation 


of the dissociation equilibrium in acetic acid vapour, using photographie recording 


of OH overtone bands characteristic of the monomer. This method required 


high-temperature determinations of completely dissociated dimers and an extrapo- 


lation of a calibration curve of monomer band intensities. HERMAN and 


HorsTapDTer [9%] investigated acetic acid with a rock-salt prism spectrometer, 


using the deuterated form of the acid. since the hydrogen-bonded {) H ) 


* Abstracted from a the presented b one otf t writers \ Ww. P im mea fulfills 


Master of Science at the University of Montreal 


requirements for the degre 
1} W. Wevrner, J. Am. Chem. Soc. 77, 3941 (1955 
2) F. M. MacDoveatt, J. Am. Chem. Soc. 58, 2585 (1936 
3| T. M. Fenton and W. E. Garner, J. Chem. Soc. 694, (1930). 
4) H. L. Revver and J. H. Simons, J. Am. Chem. Soe 7, 207 (1945 
5 E. W. Jounson and L. K. Nasa, J lon. Chem. Soc. 72, 547 (19050). 
6) M. D. Tayvor, J. Am. Chem. Soc. 73, 315 (1951 
7| M. M. Davies and G. B. B. M. Surwertanp, J. Chem. Phys. 6, 755, 767 (1938). 
8! R. M. Bapeoer and 8S. H. Baver, J. Chem. Phys. 5, 605 (1937) 
(0! R. C. Herman and R. Horsraptrer, J. Chem. Phys. 6, 534 (1938 
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frequency falls in the region of C—H valence vibrations. They measured the 
intensity of the 2299 em dimer O—D—O band at various temperatures. The 
monomer OH bands in their spectra were insufficiently resolved, which prevented 
them from obtaining degree of dissociation values directly. They overcame this 
difficulty by fitting one of their experimental points to one of MacDovuGaLL's 
degree of dissociation values. The same authors measured, in an identical manner, 
the heat of dissociation of propionic acid [10] and of formic and valeric acids {11}. 
A further disadvantage of the above-mentioned spectroscopic methods is that the 
pressure of the vapour at each temperature must be measured. 

It was felt that a rapid method for determining hydrogen-bond energies, 
involving only measurements of intensities of monomer and dimer bands, would be 
of value. In this paper such a method is described. 


Theoretical 

It is generally recognized that at low vapour pressures such as used in these 
determinations. i.e. at around | mm Hg, only monomers and dimers would be 
present [1, 6]. Considering the equilibrium between monomers and dimers in the 


vapour phase: 


(1) 


(2) 


where p, and p,, are the partial pressures of dimer and monomer in the gas phase, 
respectively. 
Application of the ideal-gas law, at temperature T, gives: 


p n,. RT/V 
and n, . RT/V 


where V is the volume of the cell, and », and #,, are the numbers of moles of dimers 


(3) 


and monomers, respectively. Now v,/V C, and n,/V (.. as the volume of 
the cell. and the concentration of the sample, are kept constant for each series of 
determinations. 


Hence, 
(4) 
From Beer's law the intensities of the infra-red bands are proportional to the 
concentration. 
Hence, 


and 


t. C. HerMaN and R. Horstraprer, J. Chem. Phys. 7, 460, 630 (1939). 
C. Herman, J. Chem. Phys. 8, 252 (1940). 
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where A, and A,, are the dimer and monomer band intensities, and the constants 
k, and k,, are assumed to be independent of temperature. 


Equation (4) then becomes 


m 


9) 


The heat of dimerization, AH, of the association reaction (1) is given by the van't 
Hoff equation 

din K,, AH 

aT RT? 
or, with equation (5), 

d log {(A,/A,,”) . (1/T)] AH 

d(1/T) 2-303 R 4) 

Hence, by recording the monomer and dimer hydroxy! or carbonyl! bands of the 
acid vapour at different temperatures, and measuring their intensities, a plot of 
log [(A,/A,,”) . (1/7')] vs. 1/7 should give a straight line, the slope of which gives the 
heat of dimerization AH. At the low pressures used in our investigation, heat of 
dimerization (AH) and energy of dimerization (AZ) are almost identical. 

The hydrogen-bond energy is }AZ, since there are two hydrogen bonds in one 
dimer. Two plots can be made, one for the hydroxyl bands and the other for the 
carbonyl. The straight lines obtained will not coincide as the constants & will be 
different, but their slopes should be the same, since both slopes should give the 
same value of AH, and hence of the hydrogen-bond energy. 


Experimental 

Spectra were recorded on a Perkin-Elmer model 12C single-beam infra-red 
spectrometer converted to a double-pass instrument. The source optics were 
modified in order to accommodate an 80-cm path length gas cell. An additional 
Globar source was mounted near the end of the cell, together with plane and 
spherical mirrors. The radiation thus passed through the cell on to another 
similar pair of mirrors which were focused on the entrance slit of the spectrometer. 
As a consequence of the increased path length and the introduction of two 
additional mirrors, there was some loss of energy. In the 3000 cm~! region with the 
LiF prism this was approximately 20 per cent, and in the 1750 em~ region with 


the CaF, prism the available energy was reduced to a half. Computed spectral slit 


widths were found to be approximately 4-8 em~! at 3570 cm-* and 2-2 cm™~! at 
1780 em". 

A heated cell of long path length was required for this work so that vapour 
pressures could be kept low. This reduced the possibility of trimer or polymer 
formation. A path length of 80 em was chosen. This was sufficiently long without 
resorting to a multiple path. The cell was made from a 4-cm o.d. Pyrex tube, 
flanged at each end and grooved to take a }-in. Viton O-ring. Viton is a copolymer 
of vinylidene fluoride and hexafluoropropylene and has outstanding heat resistance. 
Double rock-salt windows, separated by a Viton O-ring, were held in place by a 
threaded brass cap. This arrangement reduced the temperature gradient across 
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the inner window, thus making it easier to avoid condensation of the sample. The 
sample was contained in a side tube which was constructed with an inner concentric 
tube for the insertion of a thermocouple. 

\ nichrome coil wound on to an aluminium cylinder slipped over the sample 
tube for heating. “Briskeat’’ tapes were wound around the window caps and the 
main body of the cell. Three ° Variacs”’ controlled the heating of the sample tube, 
the window caps and the cell tube. The windows were heated to a slightly higher 


temperature than the cell to avoid condensation. The cell temperature was 


™ 
Fig. 1. Hydroxyl b lat 56 f ride prist 
ontrolled to an accuracy of 1°C by a thermocouple inserted into a narrow tube 


lving parallel to the axis and close to the wall of the cell. Temperatures up to 
200°C could be maintained for long periods of time. 

\t the commencement of the series, the cell was first evacuated and the sample 
frozen with solid carbon dioxide. A background spectrum was then recorded with 
the appropriate prism. The sample was then allowed to warm up and enough 
vapour was introduced into the cell so that the int nsity of the strongest band to 
he measured had an absorbance between 0-5 and 0-8. The tap was then closed, and 
the rest of the recordings were m ide on that quantity of sample, at temperature 
intervals of from 10 to 15°C, sufficient time being allowed for the cell to come to 
thermal equilibrium before recording the spectrum. The intensities of the sharp 
hand at 3580 em™. and the broad band centred near 3100 em~', in the hydroxyl 
region, were taken as proportional to the concentrations of monomers and dimers, 
respectively. Similar measurements were made in the carbonyl region using the 
monomer bands at 1780 em~!, and the dimer bands at 1730 cm~'. Typical spectra 
are illustrated in Figs. 1 and 2. 


Results and discussion 
Band intensities were obtained by counting the squares under the envelope, and 
are recorded in arbitrary units. Calculations of intensities in conventional units 
were not carried out, as these would have required a knowledge of total pressures 
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lines were determined by least squares. 


Absorbance ———+ 


| 


1850 


Table 1. 


Fig. 2. Carbonyl bands of n-butyric acid at 57°C. 


Intensity data 


Calcium fluoride prism. 


Hydrogen-bond energies of acetic and n-butyric acids in the vapour phase by infra-red spectroscopy 


which were irrelevant. The spectrometric data are given in Table 1, and Fig. 3 is a 
typical graph obtained by plotting log[(A,/A,,*) . (1/7)] vs. 10°/7. The slopes of the 


The correct estimate of the area of the bonded hydroxy! band presented the 
biggest problem, on account of the overlapping of C—H stretching frequencies. 


A. 


Acid Group 


units) 


Acetic Hydroxy! 297 60 
76 
329 176 
132 


Acetic Carbonyl! 298 S74 
1473 

1303 

434 


n-Butvyric Hydroxyl] 303 28 
316 38 
325 40 


n-Butyrie Carbony! 301 520 


(arbitrary 


Ae 


(arbitrary 
units) 


3986 
2388 
2025 
501 


759 
331 
175 


46 


535 
536 


359 


611 
424 
304 
147 


Monomer 


46 


Average half-intensit 


Dimer 
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x 
‘ 
1750 {700 3 
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band widths 
4 (°K) 
357 238 
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338 83 
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This was overcome by continuing the contour of the hydroxy! bands, and ignoring 
the (—H bands above. An estimate was made of the possible error in this 
procedure by an inspection of the spectrum at the highest temperature, when the 
bonded hydroxy! was at a minimum. This estimate of the C—H contribution was 
subtracted from all the readings, and the results were recalculated. This maximum 
possible error was found to be approximately half the statistical error. Further 
evidence that this procedure was essentially sound is afforded by the good check 


Fig. 3. Van't Hoff plot for acetic acid (hydroxyl bands). 


obtained from the results calculated from the data obtained in the carbonyl region. 
This procedure can only be followed in cases of well resolved spectra, such as are 
obtained with a LiF prism. ALLEN and CaLpin’s|12] statement, that it is impossible 
to measure the degree of association by means of the fundamental frequency of the 
hydroxyl group participating in hydrogen bond formation, may well be true, if the 
spectra are recorded at low resolution, as is obtained with a rock-salt prism in 
this region. 

The possible objection that the bonded hydroxy! absorption band is overlapped 
by other, weaker bands, and therefore is not a true measure of bonded hydroxy! 
molecules can be countered by the explanation that these overlapping bands are 
very probably combination bands involving lower-frequency vibrations of the 
carboxy! group, as claimed by Brat Z et al. {13] They are therefore, in so far as 
they originate in bonded carboxy! frequencies, proportional to the concentration 
of dimer molecules. In that case the theory developed above is valid in its appli- 
cation to the bonded hydroxy] band. 


12) G. ALLEN and E. F. Cauprs, Quart. Revs. (London) 7 (3), 255 (1953). 


13) 8S. BRATOZ, G.H spzt and N. SHEPPARD, Spectrochim. Acta 8, 249 (1956). 
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Hydrogen-bond energies of acetic and n-butyric acids in the vapour phase by infra-red spectroscopy 


Table 2. Hydrogen-bond energies for acetic and n-butyric acids 


(keal/mole) calculated from: 
Hydroxyl Carbonyl! Mean 


Corrected for 


As measured max. C-—H Mean (from hydroxy! 


interference and carbony!) 
Acetic 8-9 0-2 2 8-5 0-4 
n-Butyric 8-8 9-0 8-9 0-1 8-3 4 8-6 0-4 


Table 3. Literature values for the heats of dimerization of acetic acid vapour 


Pressure range Temperature range AH 
(mm) (°C) (kcal/mole) 


Authors 


JoHNSON and Nasu [5] 160-1150 80-200 13-8 0-1 
BapGER and BaveEr [8] 90-2200 5-175 13-9 0-6 
Rirrer and Simons [4] 45-813 210 14-5 0-4 
FENTON and GARNER [3] 300 185 14-5 + 05 
WELTNER [1] 250 95-270 15-0 + 0-05 
TAYLOR [6] 25-5: 50-150 153 + 0-1 
HERMAN and HorstTapTer [9] 4-Li 25-145 15-9 + 1-4 
MacDovuGa tt [2] 5-2: 5-40 16-4 + 0-8 
This paper l-: 25-70 17-0 + 0-8 
Jones et al. [14] theoretical calculations 15-9 
Davies and SUTHERLAND [7] solution experiments 9-3 


The hydrogen-bond energies are summarized in Table 2. Probable errors for 
the slopes were calculated from Brrer’s [15] formula 


n> D2 1/2 
P, 0-675 
2){(2 2)? — nZ 2?) 


where D is the difference between the experimental values and values on the line 
obtained from a least-square fit, and n is the number of experiments carried out. 


The value obtained for the hydrogen-bond energy of acetic acid was 8-5 +- 
0-4 keal/mole, corresponding to the heat of dimerization of 17-0 + 0-8 keal/mole. 
The results of other authors for the heats of dimerization of acetic acid vapour are 
given in Table 3. n-Butyric acid gave essentially the same value for the hydrogen- 
bond energy as acetic acid, i.e. 8-6 + 0-4 keal/mole. 


Acknowledgement—-One of the writers (A. W. P.) is indebted to Professor C. Sanporry of the 
University of Montreal for many helpful discussions. 


[14] M. M. Jones, W. R. Giitxkerson and G. A. Gatiup, J. Chem. Phys. 20, 1048 (1952). 
{15| R. T. Brrer, Phys. Rev. 40 (2), 207 (1932). 
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The infrared spectrum of sulfuryl fluoride*+ 
G. R. Hunt and M. K. Wrison 


Department of Chemistry, Tufts University 
Me dford 55, Massachusetts 
(Received 11 February 1960) 
Abstract The infrared spectrum of gaseous SO,F, has seen reinvestigated between 250 em™! 
and 4000 em™~'. The appearance of three previously unreported bands allows all nine funda. 


mental vibration frequencies to be identified 


Introduction 
Tue infrared spectrum of gaseous SO,F, and the Raman spectra of both gaseous 
and liquid samples have been studied previously {1,2}. Failure to observe any 
bands lower than 539 em~' in the infrared. and any frequencies below 388 em~ in 
the Raman effect, had caused some difficulty in the interpretation of the spectrum. 
STAMMREICH ef al. [3], reporting on the Raman spectrum of CrO,Cl,, considered the 
assignments of similar molecules. Their suggested reassignment for SO,F, prompted 


this reinvestigation of the infrared spectrum. 


Experimental 
A 16-g sample of SO,F, prepared by passing SO, over AgF, and purified by 
distillation was obtained from Dr. E. L. Muerrerties of the E. I. du Pont de 
Nemours and Co.> and used without further purification, as no bands attributable 


to SO,, SOF, or other probable impurities were observed above 500 cm~'. The 
spectra were obtained with a Perkin-Elmer model 21 spectrophotometer equipped 
with NaCl and CsBr prisms. The sulfuryl fluoride was contained in glass cells 
lcm in length closed with NaCl, KBr or CsBr windows. The spectra were 
recorded at room temperature at pressures ranging from 2 to 760mm, and 
measured relative to water and CO, vapor, and Polythene-film spectra. The 


structure developed in the band system in the 1750 cm~' region, previously 
attributed to atmospheric water absorption, received particular attention and was 
found to be due to genuine SO,F, absorption. The SO,F, spectrum is illustrated 
in Fig. | and assignments given for the observed bands in Table 1. Table 2 lists the 
fundamental frequencies along with their description. The Raman frequencies | 2] 


are also included in Table 2. 
Discussion 


y,(a,). This band was previously unobserved in both the infrared and Raman 
spectra, but was predicted to be near 300 em~' [1]. This frequency is the lowest 


® Contribut 266 
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fundamental in both CF,Cl, [4] and CC1],Br, [5] and the corresponding vibration 
appears at 210 cm~! in SO,CI, [6]. In SF,, a bending mode occurs at 235 em~ [7]. 
STAMMREICH ef al. 


3] predicted a value of 275 cm~ for this vibration and suggested 
its first overtone was to be identified with some of the absorption found near 550 
em~'. The band observed at 274 cm~' is then assigned as v,(a,), the SF, bending 
mode. 

vo(b,). A very broad, strongly depolarized (p = 0-8) band at 388 cm~! was 
observed in the Raman spectrum [2] but was not reported in the infrared spectrum. 
Its absence in the infrared together with the presence of a band at 768 cm™, 
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Fig. 1. Infrared spectrum of gaseous SO,F,. 
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assigned as the first overtone, led to the assignment of this band to the infrared- 
forbidden torsional mode, v,(a,). This assignment is now ruled out by the discovery 
of a band at 386 em~ in the infrared spectrum and its depolarization precludes an 
assignment to either of the low-lying symmetric bending modes, »,(4,) or ¥,(4,). 
This leaves the two rocking modes, v,(b,) (FSF in plane) and »,(b,) (OSO in plane) 
as reasonable assignments. In related molecules, such as CF,Cl, [4], CC1,Br, [5], 
and CrO,Cl, 
33 cm~!, respectively. In SO,Cl, these two frequencies were originally assigned 


3] the v, and », modes lie close together being separated by 11, 32 and 


109 em~! apart with vy, > v5. Stammreicu et al. have suggested a reassignment of 
the spectrum on the basis of calculations performed in conjunction with their 
work on CrO,Cl, and place them 29 cm~! apart with », > v;. In SO,F, the closest 
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Tab le 1. Observed frequencies and band assignments for | SO, 2F 


P R Spacing A* 
Assignment 1 
em 1) jem } 


925 


O54 


1077 
1092 Vs 
LLOS 1,) 3 
111s vy + v4(Ay) 4 
1260 25 vy (4) 

25 Ve B,) 2 
1502 25 Vel by ) 

1698 2 


iin 


> 


2115 


Differ 


band to the 386 cm . Trequency is [12 em 1 lower and this appears satisfactorily 


assigned as v,(4,). The next-nearest band is 153 cm~! higher. This separation 


hetween the two rocking modes would seem large if the molecule were tetrahedral. 


Actually the molecule departs considers ably from a regular tetrahedron. The OSO 
and FSF angles are 123° 58’ and 96° 7’, respectively, [8] compared with 119-8 and 
111-2° for the corresponding angles in SO,CI, [6] and 105° and 113° in CrO,Cl, | 9}. 


\ssuming the same amplitude of vibration for the two rocking modes, the structure 


of the sulfur compounds allows a closer ap yproach of the oxygen to the halogen 


atoms in the rv, than in the v, vibration In chromy! chloride. however, because the 


ClCrt emia ts larger than the OCrO, the approach of the (Cl and O atoms is greater 
for the v, than the rv, mode. It is therefore expected that because of the relative 
proximity of the O and halogen atoms, ¥y < ¥; for the sulfur compounds and 


y, <v, for chromyl chloride. In the case of 5O, .F,, it is further expected, because 


8) D. R. Line, D. E. Mann and R. M. Fristrom, J. Chem Phys. 26, 734 
K. J. Pater, J. Am. Chem. Soc. 60, 2360 1038). 


274 16 
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Table 2. Assignment of the fundamental frequencies in SO,F,. 


LR yas, 
Species Activity y Description present work 
1 


Raman * 


(em™) 
(em 


l Ss O stretch 1269 1270 O-15 
sym. 


IR. 2 SF stretch S48 846 0-08 
sym. 
OSO bend 


Ram. 


FSF bend 


lorsion 


SO stretch 


asym. 


Rocking 


SF stretch 
asyimn. 
R 9 Rocking 386 388 O-8 


* Reference {2 


the difference between the distance of approach of the O and F in the two modes 
is much larger than for the other compounds mentioned, that the two rocking- 
mode frequencies will be separated by a correspondingly larger amount. 
STAMMREICH ef al. as a result of calculations predict that », > », for SO,F, 
and », > v; for CrO,Cl,, which agrees with the above reasoning, although their 


predicted numerical values of ~440 and ~420 cm! depart considerably from our 
observed values of 539 and 386cm~!. Using known molecular constants for 
SO,Cl, they calculate’ numerical values for the G-matrix elements related to 
fundamentals in SO,Cl, they have found to be consistent with their CrO,Cl, 
results, and then, neglecting all interaction terms, predict that vr, < ry. 

In accord with the above discussion and from the results we have obtained 
with SO,F,, however, we feel that it is more probable that v, should be less than v, 
in SO,C\,. 

vy-(b,). The appearance in the infrared spectrum of the two lower-frequency 
bands, assigned as v, and vy, necessitates a reassignment of the Q-branches observed 
at 539, 544 and 553 cm~!. At most, two of these bands can be fundamentals, since 
one very probably is 2v,(A,). As the band appearing at 547 cm~ in the Raman 
effect is depolarized, at least one of the two fundamentals must be asymmetric 
and we assign the peak at 539 em~ as »,(b,). The peak at 553 em~™ in this group 
of bands is assigned as v,(a,), the SO, bending mode. Since the assignment makes 
the bands at 544 and 553 em~! have the same a, symmetry, we may expect them 
to be perturbed by Fermi resonance; the band at 544 cm~! being depressed from 
its calculated value of about 548 cm! and the peak at 553 cm~', assigned as v 
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being perturbed to higher frequencies. The band at 539 cm”! is assigned 6, sym- 
metry and therefore would not be expected to interact with the other two levels. 
This assignment provides that > > > as predicted [3] and allows the 
band system at 1100 to be satisfactorily explained as 2y,(1078 em~*), 
(1092 and 2r,(1103 em~). 

y,(@,). This torsional mode is given the value 360 em~ on the basis of the 
presence of the previously unobserved and otherwise inexplicable weak band at 
=20) em—! which is considered to be the symmetry-allowed, A, overtone. The absence 
of this fundamental from the Raman spectrum perhaps is not surprising as the 


Vs 


hand at 274 cm~! was not observed and the intense, very broad, strongly depolar- 
ized band at 388 cm~' may have obscured a weaker band as close as 360 em~'. 

The assignment of the remaining four fundamentals is obvious and agrees with 
the previous assignment {1}. The rest of the spectrum can be explained in terms 
of the fundamentals listed in Table 2. Only three very weak bands presented 
difficulty of assignment. These are now briefly discussed. 

925em—, This is the only band assigned as a ternary combination band, 
2y, + vy (B,). Such an assignment does not fit as well as the combination vr, + ¥; 
(A,) A = 0, but such a combination is forbidden by symmetry. 

954 cm~. This band is the only one assigned as a difference band, ¥, — 3 B,). 
Such an assignment is reasonable since the combination of these two fundamentals 
appears relatively strongly at 2052 em .. 

1889 cm~!. We propose no assignment for this band. The combination rv, + % 
(A,) fits almost exactly, but, again, this combination is forbidden in the infrared. 
We do not feel that the presence of 925 em~! and 1889 cm™ bands warrants any 
alteration of the assignment of the fundamentals. Reversal of the order of 
vy, + ¥, would still leave 925 cm™ a forbidden frequency, while a reassignment of 
y>, ¥, and 2y, would upset the obvious assignment of many, much more intense 
bands as well as nullifying the Fermi resonance explanation of their shifts from 
the expected position of 2y,. 
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The use of various capillary materials in the Lyman discharge 
P. A. WaRsop 


Chemistry Department, Queen's College, Dundee 
(Received 30 November 1959) 


Abstract—The use of various capillary materials in the Lyman discharge has been investigated. 
The desirable properties of a material that will yield a good radiation continuum are listed and 
discussed with some reference to the mode of action of the discharge. 


Introduction 


For the study of absorption spectra a continuous light source is required and, if 
possible, one which will emit a continuum without any abrupt changes of intensity. 
In the vacuum ultra-violet the hydrogen continuum extends as far as 1650 A and 
the Hopfield continuum of helium extends from 900 A to 600 A. Recently [1, 2], 
a series of rare-gas sources emitting continua similar to the Hopfield continuum, 
but at longer wavelengths, has been developed. The continua of helium, neon, 
argon, krypton and xenon overlap and cover the range 600 A to 2200 A. 

The only continuous light source which may be used throughout the whole of 
the vacuum ultra-violet region is the LyMAN discharge [3]. This consists of a 
condensed discharge through a capillary. The spectrum of this discharge consists 
of a continuum which extends from the visible to 300 A, crossed by a large number 
of atomic emission lines. Although the Lyman discharge has been used for many 
years and the discharge tube has been improved a number of times [4-8] there has 
been no systematic investigation of what materials are suitable for the capillary. 
The capillary has usually been made of Pyrex glass or silica, though soda glass, 
alumina, zirconia and “Fluon” (‘‘Teflon”’, or polytetrafluoroethylene) have also 
been used. In the present study, an attempt has been made to determine the 
relations between the properties of the capillary material and the spectrum of the 
discharge. A wide range of capillary materials has been used. 


Experimental 
The spectra of the Lyman discharges were obtained using a 2-m normal-incidence 
vacuum spectrograph. The reciprocal dispersion was 8-7 A/mm and the carrier 
gas was helium. 
The spectrum emitted by the Lyman discharge depends on the voltage and 


the capacitance of the electrical circuit as well as on the dimensions and composition 
of the capillary. In order that the variations in the spectrum due to changes in the 


. G. Witkryson and Y. Tanaka, J. Opt. Soc. Am. 4, 347 (1955). 
’, Tanaka, A. 8. Jurza and F. T. Lesianc, J. Opt. Soc. Am. 48, 304 (1958). 
. 4 Ly MAN, Astrophys. J 60, ] (1024), 

+. Raruenav, Z. Physik 87, 32 (1933). 
+, Cotiins and C, W. Price, Rev. Sci. Instr. §, 423 (1934). 

. E. Wor.ey, Rev. Sci. Instr. 18, 67 (1942). 

’. R. 8S. Garton, J. Sci. Instr. 30, 119 (1953). 

’. R. 8. Garvon, J. Sci. Instr. 36, 11 (1959). 
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composition of the capillary could be studied, the capacitance and as far as possible 
the capillary dimensions were kept constant, and various fixed voltages applied. 
The condensers had a capacitance of 0-9 uF and were charged to voltages of 6, 9-6, 
13-2, 16-8, 20-4 and 24 kV. The capillaries were made, as nearly as possible, 15 mm 
long with a bore of 1-5 mm (except for the silica and zirconia capillaries). They 
were usually about 8mm external diameter. Capillaries of soda glass, Pyrex 
glass, silica, zirconia, boron trioxide, sulphur, selenium, resistance carbon, graphite, 
paraffin wax, Fluon and silver chloride were used. 


Preparation of capillaries 

Soda glass, Pyrex glass and silica capillary tubing were obtained in long lengths 
and cut to size as required. The soda glass and Pyrex glass had a bore of 1-5 mm 
and the bore of the silica was | mm. The zirconia was obtained as capillaries 
26 mm long with a 2-mm bore. They were used either whole or cut into two halves. 

Capillaries of boron trioxide were prepared from lumps of anhydrous boron 
trioxide by casting. The oxide was cast in a brass tube which was lined with 
copper foil and had a copper wire down the centre. The cold casting was removed 


from the tube and the foil stripped off. A piece of the required length was cut off 


and the copper wire dissolved out with concentrated nitric acid. The capillaries so 
produced were not as uniform in bore as those of the other materials. 

Sulphur capillaries were prepared from flowers of sulphur and from sulphur 
recrystallized from carbon disulphide. A plug of sulphur was cast in a glass tube 
under vacuum. A section of the tube containing a plug of the required length was 
cut off and a hole bored through in a lathe. 


Selenium, tellurium, paraffin wax and silver chloride capillaries were prepared 
in a similar way to that used for sulphur. Silver chloride darkened a little during 
the preparation of the capillaries, even though care was taken to expose it to as 


little light as possible. 

The capillaries of graphite, resistance carbon, Polythene and Fluon were ma- 
chined from solid pieces. The resistance-carbon capillaries were made from 5-W 
10-MQ resistors used in electronic apparatus. Such resistors are composed of carbon 
particles held together by an organic resin. The capillaries when prepared had a 
resistance of about | MQ between the ends. 


Experimental results 

Soda-glass capillaries gave a continuum at all the voltages used, although at 
6kV the continuum was weaker than at higher voltages. The capillaries were 
shattered by the discharge if a high voltage was used without first heating the 
capillary by a low-voltage discharge. Most of the emission lines were produced by 
silicon or oxygen. The carbon doublet at 1550 A is due to grease from the joints 
of the discharge tube and appears on all the spectra of all the capillaries. 

Pyrex glass yielded results similar to those obtained with soda glass except that 
at 6kV no continuum appeared and at 9-6 kV the continuum was weak. In general, 
the spectra were all a little weaker than with soda glass. The strong emission lines 
were the same as for soda glass except for those due to boron, of which the only 
prominent ones were a doublet at 2067 A and a line at 1624 A. Pyrex was less 
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susceptible to shattering than soda glass, although it had to be given preliminary 
heating before the highest voltages could be used. 

The results obtained with silica were similar to those yielded by soda and 
Pyrex, but the spectra were weaker than with either of the latter materials: the 
continuum not being strong until 16-8 kV was reached. The emission lines were of 
course due only to silicon and oxygen, except for the carbon doublet. Silica 
capillaries were not shattered by the discharge but cracks sometimes appeared when 
the highest voltage was used without preliminary heating. 

The spectra obtained with zirconia were weaker than those obtained with 
silica, the continuum being weak at 16-8 kV but strong at higher voltages. The 
strong emission lines were naturally produced by zirconium and oxygen, but the 
silicon quintet at 1300 A appeared weakly, presumably because of silica impurity 
in the zirconia. None of the zirconia capillaries were broken and the rate of increase 
of the bore of the capillary was much less than with the other materials. 

The intensities of the spectra obtained with boron trioxide capillaries varied 
considerably from one capillary to another. The different intensities were prob- 
ably due to variations in the dimensions of the capillaries arising from the method 
of preparation. The capillaries were easily broken by the discharge and the bore 
wore away quickly, clogging the spectrograph slit with particles of the oxide. 

Strong continua were obtained with all the voltages when using sulphur 
capillaries. The capillary was rapidly worn away and a layer of sulphur was 
deposited on the discharge tube and the slit. With sulphur capillaries, an absorption 
spectrum was observed which increased in intensity as the number of exposures 
was increased. The spectrum was identified as due to carbon disulphide. Carbon 
disulphide was probably produced in the discharge from the sulphur of the capillary 
and the grease from the joints of the discharge tube. Emission spectra free from 
carbon disulphide absorption were obtained by filling the spectrograph with 
helium to a pressure of 10 mm and pumping the discharge tube during the expos- 
ures. In this way the carbon disulphide was swept from the discharge tube to the 
pumps by the stream of helium and its diffusion into the spectrograph minimized. 

When the discharge tube and the slit had been cleaned and the sulphur capillary 
replaced by one of silica, no carbon disulphide bands appeared. However, when a 
Fluon capillary was used, carbon disulphide bands again appeared. The discharge 
tube was thoroughly cleaned and all the metal parts were replaced by new ones. 
After this no more carbon disulphide absorption was observed. Presumably some 
of the sulphur had reacted with the metal of the discharge tube to form metal 
sulphide, which liberated sulphur with fluorine produced by the decomposition of 
Fluon but not with the decomposition products of silica. 

The spectra obtained with a selenium capillary were very similar to those 
obtained with sulphur, except that the intensities were a little lower and the 
emission lines were of course those of selenium. Absorption bands appeared 
which were somewhat similar to those of carbon disulphide but displaced to longer 
wavelengths. These are probably bands of carbon diselenide, though their 
identity cannot be proven by direct comparison since the spectrum of carbon 
diselenide has not been observed. After the work with selenium, the slit and the 
discharge tube were thoroughly cleaned as they were after using sulphur capillaries. 


: 
Re: 
ae 


P. A. Warsop 


With a capillary made from resistance carbon, a good continuum was obtained 
at a low voltage. As the number of exposures increased, the intensity of the con- 
tinuum decreased and an absorption spectrum appeared. The capillary was removed 
from the discharge tube and was found to have a resistance of 700Q. A layer 
0-05 mm thick was removed from the bore of the capillary. The resistance of the 
capillary rose to | MQ and the continua obtained with the capillary regained their 
original intensity. The decrease in resistance was probably produced by pyrolysis 
of the resin binder. Some of the absorption bands were identified as those of 
acetylene but some of the weaker bands may have been due to other substances. 
Several capillaries were heated to red heat in a silica tube for short periods. This 
caused partial breakdown of the binder and a reduction of the resistance. The 
resistance was measured and the capillaries tested. As the resistance decreased, 
so did the intensity of the continuum and the emission lines became more prominent. 
The minimum resistance was obtained by using a graphite capillary which had a 
resistance of less than 1Q. The spectrum then consisted of a few emission lines 


with no continuum at all. 

With a Polythene capillary, the spectrum was weak at low voltages. At high 
voltages it was stronger but not uniform. Paraffin wax is very similar to Polythene 
except for a shorter chain length. At low voltages, more intense spectra were 
obtained with paraffin wax than with Polythene but with the former the slit was 
rapidly clogged by particles torn from the capillary. At high voltages the slit was 


clogged before the spectrum could be photographed. 

Using a Teflon capillary, good continua were obtained at all voltages except 
the lowest. Only a few emission lines appear in the spectrum obtained with a 
Fluon capillary and there are many considerable wavelength regions with no lines 
present. 

With a silver chloride capillary, strong continua (though not as strong as with 
sulphur and selenium) were obtained, but also a large number of emission lines. 
The bore of the capillary was quickly enlarged and silver chloride was deposited 
on the slit. 

Discussion 

In the series of materials soda glass, Pyrex glass, silica and zirconia the softening 
or melting points increases from 450°C for soda glass to 2700°C for zirconia. As the 
melting point of the material increases, the intensity of the continuum produced 
at a constant voltage decreases and the voltage required for a good continuum 
increases. Thus the intensity of the continuum appears to be related to the melting 
point of the capillary material. That this should be so is plausible, as the following 
argument shows 

Although the spectrograms were obtained with a concave-grating spectrograph 
the astigmatism of the instrument was so small, due to the spectrograph being 
close to normal incidence, that the spectrum is virtually a stigmatic image of the 
slit. Also, since the capillary was close to the slit, the intensity distribution across 
the spectrum was close to the intensity distribution across a diameter of the 
capillary. The continuum has a maximum intensity at its centre showing that 
most of the light is produced in the bore of the capillary and not at the surface of 
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the capillary bore. Thus the light must be produced by the interaction of particles 
in the bore of the capillary and not by interactions at its surface. 

With a Lyman discharge, most of the light is produced in the vacuum and near 
ultra-violet. For this intensity distribution to be produced a temperature of many 
thousands degrees centigrade is necessary. It follows that the light can hardly be 
radiated by solid particles, but must be produced by the interaction of gaseous 
atoms and/or ions and electrons in the capillary bore. This is especially obvious 


when capillary materials which are readily vaporized (e.g. sulphur) are considered. 


Now it is well known that the characteristics of the discharge are determined 
by the material of the capillary and not by the carrier gas {3}. Why this should be 
so is explained below. It follows that the light must be produced by gaseous atoms 
or ions which have been torn off the inner surface of the capillary. Assuming then, 
as is plausible, that the melting point of the capillary material is some indication 
of the ease with which atoms can be torn away from the capillary surface, it is not 
particularly surprising that the intensity of the continuum should be roughly 
related to the melting point of the capillary material. 

A corollary of the argument is that those capillaries which give the most 
intense continua should be the ones which wear away the most rapidly. This is 
exactly what is found. A material which is easily vaporized gives a strong con- 
tinuum at low voltages but is quickly worn away, whereas a material which is not 
easily vaporized requires a high voltage to produce a strong continuum and wears 
away less quickly at low voltages. 

The observations with sulphur and selenium capillaries suggest the above 
arguments. These materials are easily vaporized and give intense continua at low 
voltages. In accord with the greater ease of vaporization of sulphur, sulphur 
capillaries gave rather stronger continua than selenium capillaries. However, the 
materials possess two disadvantages. Volatile products are formed which give 
rise to an absorption spectrum and the materials are so easily vaporized that the 
discharge tube and the slit quickly become coated with a layer of sulphur or 
selenium. 

Silver chloride is another material of comparatively low melting point, and in 
agreement with the above conclusions fairly strong continua were obtained with it. 

The spectra obtained with resistance-carbon capillaries and with graphite 
capillaries indicate a further relation, viz. between the intensity of the continuum 
and the resistance of the capillary material. The capillary must possess a high 
electrical resistance for a good continuum to be produced. Resistance carbon 
capillaries have a high resistance when new, but the resistance is quickly reduced 
by the discharge. Paraffin wax, Polythene and Fluon contain carbon and have a 
high resistance which is not reduced by the discharge. However, paraffin wax 
and Polythene produce volatile products which give rise to an absorption spectrum. 
Fluon gives strong continua with no absorption spectrum. 

From the capillaries investigated it may be concluded that the following are 
the desirable properties of a capillary material. 

(1) It should possess high electrical resistance. 

(2) It should not be too difficult to vaporize; but on the other hand if it is too 
readily melted or vaporized it will have the disadvantages of wearing away too 
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rapidly and of clogging the slit. A compromise has therefore to be struck bet ween 
ease of vaporization and refractory nature. This compromise affects the magnitude 
of the voltage that has to be applied to obtain a strong continuum 

lo these two desiderata we may add the following 

3) The capillary should be resistant to thermal shock 

4) It should contain as small a number of elements as possible, otherwise the 
continuum will be crossed by too many emission lines to render easy the observation 
of absorption spectra. Further there is some advantage in using capillary elements 
which possess fewer atomic or lonic transitions im the wavelength range being 
investigated: first-row elements such as carbon, boron and fluorine have some 
advant ue here over suc h elements as silicon 

5) It should not give volatile products in the discharge 

It should be easy to fabricate into capillaries 

No material possesses all these desirable characteristics. Silica is one of the 
best capillary materials It has a high electrical resistance and resistance to 
thermal shock. It is not too refractory but is also not too readily vaporized. 
However. there are two elements rather than one present in silica, and silicon has 
many emission lines which often interfere with the absorption spectrum A 
further disadvantage is that oxygen is produced by the action of the discharge on 
the silica and water is thereby formed if hydrogen ts used as the carrier gas. The 
formation of gaseous products yielding an absorption spectrum and the presence 
of too many silicon emission lines are the main disadvantages of silica. 

Pyrex glass gives results ver) similar to silica. the main difference being the 
presence of more emission lines However the only ones of importance are those 
ef boron which do not often interfere with absorption spectra measurements. 
Pyrex glass may be used instead of silica for most purposes 

Of the remaining materials investigated, Fluon is the best. It has the advantage 
that it gives few emission lines and it does not give oxygen or water in the discharge. 
Thus Fluon is very useful when it is important not to have traces of oxygen in the 
spectrograph. Also, if spectra are obtained with silica and Fluon capillaries the only 
emission lines common to both spectrograms are a few carbon lines; apart from 
these, no absorption is subject to interference by the same line in both spectro- 
grams 

In this labor tory, has now become standard practice to photograph every 
absorption spectrum twice, first with a capillary of Pyrex or silica and then with 
one of Fluon 

The mechanism of the Lyman discharge is probably as follows. The discharge 
begins in the carrier gas which is present at a low pressure During this initial 
discharge. material is removed from the walls of the capillary and, as this material 
becomes ionized, the intensity of the discharge increases. Direct determination 
of the loss in weight of a capillary in the discharge shows that the amount of 
material removed from the capillary is much larger than the amount of carrier 


is present, in a cord with the experimental fact that the characteristics of the 


discharge are determined by the material of the capillary and not by the carrier 


gas {9). The charged particles produced will be accelerated in opposite directions 


9) T. LYMAN, Spectroscopy of the Extreme Ultraviolet. Longmans Green, London (1914). 
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according to their charge. Collisions and recombinations will occur and produce 
light with a continuous range of frequencies, most of the light being produced in 
the bore of the capillary where the current density is at its maximum. At the same 
time some of the ions will become electronically excited and, in falling to lower 
energy levels, will radiate a line spectrum. Most of the excited ions will be produced 
in the bore of the capillary, but some may escape into the cooler gas outside the 
capillary where the current density will be much less. The probability that the 
lifetime between collisions will be great enough relative to the radiative lifetime to 
permit the emission of a line spectrum will be much greater in the gas outside the 
capillary which will be much cooler and have a far smaller ionic density. Now, it is 
a matter of observation that the width of the continuum obtained on the photo- 
graphic plate is determined by the diameter of the capillary bore, but that the 


emission lines project to the sides of this continuum. As explained above, the 


projection of the lines is not due to astigmatism, the length of the emission lines is 
in fact observed to be determined by the length of the slit. The above considera- 
tions offer an explanation of these observations. 
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Abstract—The polarized absorption spectrum of ruby in the region of the 7£, + 4A,, transition 
has been studied under moderate resolution at 100°K. The origin of the intensity of this 
transition is discussed in terms of “borrowing” from the nearby a - ‘A,, transition. 
Calculations of the fluorescent meanlife based on this interpretation are in good agreement with 
the observed fluorescent lifetime. All the principal bands in this region are capable of a satis- 
factory interpretation in terms of vibronic coupling between the lattice and the *E, «- ‘A, 
transition. No evidence of a transition around 15,000 em™ has been found. 


1. Introduction 

RECENTLY, SuGANO and TanaBeE {1} made a detailed analysis of the splitting and 
anisotropies of the strong R,R, and B,B, doublets in the absorption spectrum of 
ruby. The Zeeman effect was also studied for these lines [2], and, from the analysis 
of the line splitting, values for the spectroscopic splitting factor, g, were obtained 
which confirmed the assignment of the R,R, doublet to the 72, <— ‘A,, transition 
of the Cr+ ion. However, it is disturbing that, as yet, the *7',, < ‘A,, transition 
has not been identified. In a pure octahedral field the *£ and *7’',, states are 
degenerate but the combined effect of spin-orbit coupling and the trigonal field in 
ruby should be to shift the *7',, state to a slightly higher energy. From their 
results, SuGANO and TANABE have calculated that this splitting between the two 
states should be about 700 em~!. 

There is in fact a complex set of lines to the blue of the R,R, doublet which 
has been partially interpreted by KrisHnan [3] in terms of vibronic coupling with 
corundum lattice frequencies. However, no attempt was made at that time to 
confirm the consistency of this analysis with the symmetry assignment of the 
R,R, doublet to the split components of the *Z, state. Under the circumstances, 
the possibility that certain of these lines, in particular the intense groups around 
15,000 em~!, may belong to the *7',, ‘A 


», transition seems to merit careful 
study. Accordingly, for this purpose, we have studied this region of the low- 
temperature polarization spectra of ruby under moderate resolution. The room 
temperature polarization spectra have previously been recorded by THosar [4] 
and Mant {5}. Our results are in substantial agreement with their work. 


2. Experimental 


A synthetic ruby grown by the Verneuil process was used for this work. The 


1} S. Seeano and Y. Tanase, J. Phys. Soc. Japan 13, 880 (1958). 

2| 8S. Sueano and I. Tsusrkawa, J. Phys. Soc. Japan 13, 899 (1958). 
3) R. S. Krisunan, Proc. Indian Acad. Sci. A 26, 450 (1947). 

4) B. V. Trosar, J. Chem. Phys. 10, 246 (1942). 

5) A. Mani, Proc. Indian Acad, Sci. A 15, 52 (1942). 
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Cr** concentration was approximately 1-0 per cent. Determination of the optic 


axis, C,, was carried out by optical and X-ray methods to an accuracy of + 2°. 
The low-temperature absorption spectrum was recorded on a Perkin-Elmer 
Spectracord 4000 A giving a resolution of approximately 15 cm~ in the region 
studied. The crystal was mounted in a miniature low-temperature cell of our own 
design |6] which is suitable for direct use in an unmodified Spectracord instrument. 
Compensating polaroids in the specimen and reference beams were used to record 
the polarized spectrum. In the course of this work we found that the emergent 
beam from the monochromator showed partial polarization in a horizontal plane. 
Details of the spectra with the electric vector of the incident beam parallel to the 
C,-axis (7-spectrum) and perpendicular (o-spectrum) are given in Tables | and 2. 


Table 1. z-absorption spectrum of ruby at 100°K 


v Ap 


Band (em-}) (em?) 


v—14,450 Assignment 


14,450 0 0-0, (Ro) 
2 14,995 one 545 545 
3 15,191 oa 741 741 
4 15,541 om 1091 2 x 545 
5 15,924 1474 2 x 741 


Table 2. c-absorption spectrum of ruby at 100°K 


Ay 


Band 1 
(em~*) (cm 


1 v—14,420 Assignment 


2 14,790 inl 370 370 
3 14,965 rh 545 545 
4 15,165 = 745 745 
5 15,345 a 925 370 + 545 
6 15,498 153 1078 2 x 545 


They are illustrated in Fig. 1. The structure observed in the 7-spectrum is readily 
interpreted in terms of two vibration frequencies, 545 and 741 em~' which may be 
associated with the 578 and 751 em~ (A,,) Raman frequencies of the corundum 
lattice. The same totally symmetric vibrations appear in the o-spectrum as 
frequencies of 545 and 745 cm~! together with another frequency of 370 cm~ 
which may be related to the 375 cm~! (Z,) Raman frequency of the lattice. The 
bands at 15,541 and 15,924cm~! were not reported in the room-temperature 
spectrum by Mani [5] but this may be due to their being rather broad and weak. 
The possibility that one of them is the origin of the vibrational progression found 
in the *7’,, < 4A,, transition is excluded by their reverse polarization [7]. On the 
other hand we have not observed the band at 14,654 em~' reported by MANI1 in 
the o-spectrum at room temperature. THOSAR’s [4] assignment of the band at 


2. L. Hentiey and R, A. Forp, Spectrochim. Acta 15, 1125 (1959). 
i. A. Forp and O. F, Hitt, Spectrochim. Acta 16. 493 (1960). 
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14,790 em~! to the 7-spectrum is in disagreement with Mawni’s work and the 
results reported here. 


3. Discussion 


3.1. Spin—orbit coupling selection rules 


The spin forbidden *#,, — 4A,, transition derives its inte nsity by “borrowing”’ 
from stronger quartet anata transitions in the spectrum. This is due to spin— 
orbit coupling which mixes small amounts of certain quartet states into the 


(LCs) 


Fig. 1. Polarized absorption spectra of ruby at 100°K, 


doublet. The selection rules for this mixing have been derived by WeEIssMAN [8] 
and Ross [9] using standard group theoretical methods. In the case of con- 
figurations with an odd number of electrons such as Cr?“ (3d%) it is necessary to use 
double groups since the wave-functions must be classified under their total (space 
x-spin) molecular symmetry group. Thus classified, the general selection rule 
requires that only states of the same fotal symmetry can combine. The results 
for ruby where the site symmetry of Cr+ is C'; are summarized in Table 3. The 
octahedral case from which the actual states are derived is also given. 

Of the quartet states that can mix with the split components of #2, we may 
expect £A,,, and 4E,,, which are derived from the ‘7’, state at 18,000 em-! to be 
more important than the states of similar symmetry derived from ‘7’. (F) and 
*7,,(P) which are of much higher energy. In what follows we shall ignore the 


[8] S. J. Werssman, J. Chem. Phys. 18, 232 (1950). 
(9) I. G. Ross, Department of Chemistry, Florida State University, Tallahassee, Florida, 1958, 
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contributions from these latter states and consider the intensity of the 22, <— 4A,, 
transition purely in terms of perturbation by ‘7’,,. Support for this assumption 
comes from the excellent correspondence observed for the anisotropies of the R, R, 
doublet and the 18,000 cm~! transition by SuGano and Tsvsrkawa [2]. For both 


transitions ¢,/e, 


Table 3. Intercombination processes in ruby 


Transition between ground and 
Doublet Intermediate* intermediate states 
Symmetry 
state quartet states 
Polarization Allowed vibrations 

9 4* 1 

1 29 1 lg | 

4p 4p 


* Spinor representations of group C3. 
+ The subscripts (1), (2) refer to excited states of similar orbital symmetry and spin multipli- 
city in sequence of increasing energy. *A,,, denotes the ground state. 


3.2. Vibrational analysis 
The polarization properties and vibrational structure to be expected for the 


split components of the *#, < ‘4A,, transition are not controlled by the orbital 


29 
symmetry of the doublet state but by that of the intermediate quartet state, in 
this case *7’,,, which is itself split by the trigonal field into *4,,, and 4£,,). 
Transitions between these states and the ground state are, respectively, 7 and o 
polarized. £&,, which is mixed with *£,,), should therefore be o-polarized and R, 
7-polarized due to mixing with 4A,,). This is in fact observed to be the case. 

Since transitions from the ground state to both 4A4,,,) and 42,,) are allowed 
under (, because of removal of parity restrictions, we may expect that only 
totally symmetric vibrations will be excited in the spectrum. Vibrations of L-type 
do, however, appear in the ‘4#,,, «4A,» transition because of Jahn—Teller 
distortion of the excited state [7]. This lowers the symmetry of the excited-state 
configuration from C, to C, under which the £-type vibrations of C, are effectively 
totally symmetric. Some coupling of such vibrations of R, may therefore take 
place. 

For any vibrational analysis of the observed structure it is first necessary to 
resolve the lattice vibrations of corundum in terms of the Cr** site symmetry, Cs. 
Since this has recently been carried out [7] we may summarize here. 


A-type vibrations: 578 (A,,), 751 (A,,), 244 (A,,) and 847 (A,,) 


E-type vibrations: 375 (£,), 417 (£,), 432 (£,), 450 (£,), 642 (£,), >(all in em~) 


194 (E,,), 328-355 (B,), 434 and 909 | 


Assignments under the D,, symmetry of the corundum lattice are given in 
parentheses. 
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In the case of the 7-spectrum which has R, at 14,450 em 1 as its electronic 
origin, two short progressions appear in frequencies of 545 and 741 em~. Consider- 
ation of the lattice vibrations suggests that these are the 578 and 751 em~' Raman- 
active frequencies which are totall) symmetric under C;. The o-spectrum is a 
little more complex. The 578 and 751 em— vibrations of corundum also appear 
in this spectrum associ ‘ted with the strong bands at 14,965 and 15,165 em 1 the 
actual frequencies observed being 545 and 745 em~-!. Apart from this, there is a 
band 370 em to the blue of the 0-0 transition at 14,420 em~!, which can be 
associated with the 375cm-' E-type Raman vibration of corundum. This is 
extended by a quantum of the totally sy mmetric 545 em=! vibration to give the 
band at 15.345 em—. No evidence of E-type \ ibrations is found, however, in the 
m-spectrum in accord with the predictions based on “intensity borrowing’ from 
the *7.,, < ‘A, transition. The details of our vibrational analy sis are summarized 


in Tables 1 and 2. 


3.0 Cat ulation olf ansition ohahilith 


The transition probability of a doublet—quartet transition, Py», is proportional 
to the square of the amount of intermediate quartet state mixed into the doublet 
state. First-order perturbation theory gives us 

2 /5.\3 
Pro Pool (1) 
"20 "26 

where the contribution from a single perturbing quartet state is being considered 
10]. Pg, is the transition probability between the intermediate quartet state and 
the ground state. #, and #, are the frequen ies of the transitions between the 
ground state and the doublet and intermediate quartet states. AE,, is the energy 
difference between these states and Ho, the matrix element of spin orbit coupling 
hetween them. With atoms, (/AF,, is the approximate first-order correction to 
the wave-function where ¢ is the radial component of the atomic matrix element. 

In considering the 22, < ‘4A,, transition of ruby we must first calculate the 
transition probability of the *7',, < *A,, transition at 15,000 em ‘from which the 
intensity is borrowed. For this we may use the following relation derived by 
Lewis and Kasna {11}. 

ode = 947 x 10 — Pu (2) 
pn- 


where 7 is the frequency of the band maximum, » the refractive index and g, and g, 


the respective multiplicities of the upper and lower states. Taking ¢ 30, 
observed values 4%. 15) with 1-76 we obtain 
Pos 1-75 10° 

Substituting this in (1) with ¢ 140 em which has been derived by SuGANo and 
TANABE [1] from the splitting of the R,R, doublet (Ceree iom 275 cm~') we find 
the values: 

Pos 120-5 T20 7°72 10 sec 
10) D. S. MeCriure, J. Chem Phys. 17, 905 (1949). 
11) G. N, Lew i M. Kasna, J. Am. C7 Soc. 67, 994 (104 
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The fluorescent lifetime of the 2£, state has been measured at 90°K by GARLICK 


and Wiikinxs [12] and at 77°K by Drexe and Haut [13] who observed values 


of 2-0 10-% see and 2-08 10-3 see, respectively. Bearing in mind that the 
observed fluorescent lifetime may be somewhat shorter than the calculated 
meanlife because of radiationless deactivation, the agreement here seems satis- 
factory and in accord with the view that the intensity is derived from the 
47’, transition. 
4. Conclusions 

No evidence of a separate electronic transition in the region of 15,000 em™ has 
been found. All the principal bands to the blue of the R, Rk, doublet have been 
satisfactorily interpreted as vibrational satellites of R, and R,. The analysis of the 
polarization data and vibronic coupling in terms of “intensity borrowing” from 
the 7',, «- 4A,, transition has served to confirm KRIsHNAN’s earlier assignments [3]. 


However, the problem of the *7',, state remains. At higher resolution 


DrvTscHBEIN [14] has observed many weak bands in this region which have not 
been studied in our work. Whether any of these represent the *7',, < ‘*A,, 
transition remains an open question. The three lines at 14,966, 14,948 and 
14,934 cm~ are a possibility, but at present there seems to be no adequate reason 
for this transition being so weak. 


Acknowledgement The technical assistance of Mr. O. F. Hx is gratefully acknowledged. 
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Abstract — The determination of La and Se in standard granite G1 was carried out by the method 
of addition. The confidence limits of the unknown concentration obtained with two sets of two 


additions were compared with the limits obtained with a single addition and were found to be 
of the same order of magnitude. In ge« logical work, a single addition may often be sufficient 


for relatively rapid semiquantitative determinations. 


Introduction 
THE present study was carried out in order to check the applicability of the method 
of addition as described by RosENpDANHL [1] to the spectrochemical determination 


of trace elements in geological materials. The determination of La and Se in 
standard granite G1 was taken as an example. Comparison of the results obtained 
by the method of RosENDAHI with the results obtained by the method of a single 


addition [2] makes it possible to draw some conclusions as to the applicability of 
| Pl 


the latter method to relatively rapid semiquantitative determinations. 

The method of addition is based upon the assumption that the relation of the 
intensity 7 to the concentration ¢ of the element to be determined is given by the 
equation 

ac’ 
where the coethcent bh is constant in the range of concentrations used. 

Several authors | 1—0| have tried to answer the following fundamental problems 

encountered when applying this method 
1) How to calculate the unknown concentration of the element to be deter- 


mined. from the intensity measurements of its analysis lines in the sample 


without and with the addition 
2») How to estimate the confidence inter al which will cover the “true” value 
of the unknown concentration. 


(3) How to set the optimal conditions to make the confidence interval a 


minimum 
In a most general form, Rosenpaut [1] has given a solution to these problems 


which. on the whole, is in accord with experience. 


1) F. Rosenpaut, Spectrochim. Acta 10, 201 (1957). 
J. SwrerostawskKa and 8. Chem inalit. 3, 531 (1958). 

21 N. W. H. Apprxk, Mikrochem icta 703 (1055). 

4) O. Durrenpack and A. Wore. Ind. Eng. Chem., Anal. Ed. 10, 161 (1938). 

5) H. J. Ercunor and E. Marka, Mikrochim icta 298 (1955). 

6) A. GaTTERER, Spectrochim. icta 1, 513 (1941 

7) J. Guiurs and J. Eecknovt, Spectrochim Acta 5, 409 (1953); ippl. Spectroscopy 8, 81 (1954). 
8) H. Katser, Spectrochim. Acta 4, 351 (1951). 

6) J. Sw [IETOSLAWSKA and S. Heip, Chem. Analit. 3, 515 (1058). 
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Spectrochemical determination of La and Se in standard granite Gl by the method of addition 


According to RoseNpAHL [1] and others [8, 9], when } is known, a single addition 
is sufficient to compute the unknown concentration k, from the equation 


— = log (1 (1) 


where AYr and AY are the logarithms of the intensity ratio of analysis lines of the 
element to be determined and internal standard in the sample without and with 
the addition of k, respectively. Rosmnpant calculated the coefficient of variation 
o,,/k, resulting from the standard deviations of AY, and AY as follows 


This value increases as k/k, decreases. A practical lower limit for the ratio k/k, 
is unity. 

For an unknown coefficient 6, RoseNDAHL determined } and k, graphically from 
at least two equations based on two additions 


log (1 + 


where AY, and AY, have a meaning analogous to that of AY for the additions of 
k, and k,. The coefticient of variation of /, is now 


O;, | 2.3 ky 

kb” 1 + + &,/k,) log + &/k,) 
If AY, — AY,\ AY AY,\?, 7 
|| ay , > | 4 4 


For every value of k,/k, one has a corresponding value of k,/k, for which the 
coefficient of variation o,//, is smallest. 

RosENDAHL pointed out that in the case when } is unknown, an excellent 
reproducibility of AY, AY,,... is required in order to obtain quantitative 
results. One can show that when the standard deviation of AY 0-01 and when 
k,/k, and k,/k, have not the values required for the optimal conditions dictated by 
equation (4), the coefficient of variation o, /k, becomes greater than 15 per cent 
and the results may be regarded as semiquantitative only. Consequently, the 
confidence interval which will cover the “true” value of &, in the method with two 
additions is relatively large even for relatively low values of o,y,. Therefore, a 
comparison with the interval established for a single addition only was carried out. 

SwiETOSLAWSKA and Hep [2] used a single addition for semiquantitative 
determinations even in cases where b is unknown. According to these authors, the 
unknown concentration, irrespective of o,y , will lie within the limits calculated 
with a single addition (4/k, 


1) under the assumption that b 0-8 and b 1-2, 


| 
9-311 4 | Ory. + Ory (2) 
ome Al AY 
k. k, N r 
4 
; (3) 

| (Ay, — AY,) 

a 
Ag 4 


S. 
the practical extreme values for 6 [equation (1)). Provided that oyy 0-02 
equation (2)]}, these limits correspond to about +30 per cent of the value of 4, 
calculated under the assumption that b 1. Beeause these limits arise from the 
fact that the value 6 is unknown, this interval cannot be smaller even w hen the 


reproducibility of the intensity ratio is ver) good and @yy. 0-02. On the other 


hand if o4, 0-02 the coefficient of variation o,, /k, will he greater and the confidence 


limits will be wider than +350 per cent, 


Hilger Automatic no. E478, glass opti 
La 3988-52 A, Se 4023-69 A 
The image of the light source on the collimator lens 
0-020 mm 
D. are, LOA 
UCP Spectrotech graphite. Upper electrode of 4:5 mm diameter 
with rounded end. Lower ek ctrode of 6 mm diameter, with a 
hole 3 mm deep, wall thickness 0-7 mm 
Samples Finely ground samples mixed with pure graphite powder (1 : 2), 
total weight 20 mg 
Exposure time 20 sex 
Phot raphit sastman II F 


t 20°C for 3 


asurements 


Number otf 


Sa 
measurements 


0-051 
100 0-025 0-007 
250 0-036 0-010 
500 0-041 
1000 0-066 OLS 


0-049 0-009 
0-26 0-035 0-009 
0-46 0-044 
0-66 O-O46 
0-042 


In the present work, the concentration of La and Se in granite G1 has been 
determined both with two sets of two additions and with a single addition, and the 


results thus obtained have been compared. 


Experimental 
Two sets of “addition standards” were made by the addition of suitable 
quantities of La,O, and Se,0; (Matthey, “Speepure’’) to the standard granite Gl. 
One set of standards contained 100 p.p.m., 250 p.p.m., 500 p.p.m, and 1000 p.p.m. 
of La. and the other 2-5 p.p.m., 5 p.p.m., 10 p.p.m. and 25 p.p.m. of Se. The lower 


Table 1. Working conditions 
Developing D 19 
Lie 
Table?2. 16 
ky 
Lass kg 
ks 
0 27 
2 5 15 
ac k 5 17 
ks 10 15 
Ks 25 1S 


» method of addition 


125| 


Fig. 1. Graphical determination of k, and 6 from two sets of two additions. The values 
repre sented by — are the limits for the results based on a singl addition k, 


(a) for La, (b) for S« 


concentrations were obtained by careful grinding of the material in an agate 
mortar and successive dilution with Gl. Heating of the G1 and the ‘addition 
standards” for 2 hr at 800°C did not change the values of the intensity ratios and 
was therefore unnecessary. 

Two sets of “standards” were prepared, one with La and another with Se, 
because each of these elements serves as an internal standard for the other. 

The working conditions used are listed in Table 1. Photometric measurements 


were made with a Hilger non-recording microphotometer. The photographic 
emulsion was calibrated with a seven-step filter in the region of the analysis lines. 
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Percentage transmittance values were converted to Seidel-function values [14]. In 
spite of the weakness of the background, a correction for it was applied throughout. 

The results of the measurements are given in Table 2. Graphical determinations 
of &. and } for La and Se are shown in Fig. 1. The results of the determinations with 
two sets of two additions and with a single addition are compared in Tables 3 and 4. 

The limits obtained with a single addition are of the same order of magnitude 
as the confidence limits obtained using two sets of two additions. However, the 
work involved in the latter method is at least twice as laborious. The number of 
measurements necessary for the single addition method is determined only by the 
condition that S,, <0-02. The semiquantitative results obtained with a single 
addition may be sufficient for many purposes in geological work. 

In order to evaluate the accuracy of the present results, the published results of 
determinations of La and Se in Gl are quoted in Table 5. The present results are 
lower than those recommended by AHRENS [13]. No experiments were made to 
check the accuracy of the results obtained. Several sy stematic errors are possible. 
Thus. the excitation of the elements to be determined in the sample, without and 
with the mechanically introduced addition, may be different, and the weighing 
procedure may be inaccurate because small amounts of standard granite were used. 
It should be pointed out that inacc uracies involved in evaluating relative intensities 
of the emitted lines (e.g. errors in the calibration curve, errors in background 
corrections) may cause 85 stematic errors which are likely to be greater in the 
method of addition than in that using standards. 


ickn edaements—-The writer is indebted to the U.S Geological Survey, Washington, D.C., for 
n ng ava le the standard rock Gl. This work was carried out in the Spectroscopic Labora- 
tor the Weizmann Institute of Science, Rehovoth. 

(14) D. C. Conpin y. L. J. Lacey and P. J. Sanprrorp, Appl. Spectroscopy 8, 92 (1954). 
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Infrared spectra of some methyl derivatives of germanium and tin 


M. P. R. OKAWARA*® and E. G. Rocnow 


Harvard University, Cambridge, Mass. U.S 
(Received 2 November 1959) 


Abstract—The infrared spectra of dimethylgermanium oxide (trimer, tetramer and high- 
polymer), dimethylgermanium sulfide (trimer), bis(trimethylgermanium)oxide, dimethyltin 
oxide, dimethyltin sulfide (trimer), methyltin oxide and 1:3-dichlorotetramethyldistannoxane 
are reported over the region 400 to 1500 cm for most of the compounds. Experimental assign- 
ments for most of the bands in each spectrum are made and absorptions characteristic of certain 


groups are noted. 


Very little work has been published on the infrared and Raman spectra of organo- 
metallic compounds of germanium and tin, with the exception of tetramethy!]- 


germane and tetramethyltin [1]. Since in this laboratory we have recently prepared 


various methyl! derivatives of these elements, we thought it worth while to study 
their infrared spectra as an aid in the determination of their structure. The 
infrared and Raman spectra of a large number of corresponding organosilicon 
compounds, especially the methylpolysiloxanes [2] and methylalkoxypolysiloxanes 
[3], can be interpreted in a practical manner by assigning most of the bands as 
characteristic of certain groups or links in the molecules [4], and this paper re- 
presents an effort to examine some methylgermanium and methyltin compounds 
in the same manner. 


Experimental 
Materials 

Dimethylgermanium oxide [as trimer, tetramer and high-polymer, more 
accurately named hexamethyleyclotrigermanoxane (1), octamethyleyclotetragerma- 
noxane (II), and polydimethylgermanoxane (II1)|], dimethylgermanium sulfide 
(trimer), and 1:3-dichlorotetramethyldistannoxane (IV) were prepared as described 
elsewhere [5, 6}. 

Dimethyltin oxide was prepared by the hydrolysis of dimethyltin dichloride 
in aqueous ammonia, followed by repeated washing with water until the filtrate 
gave no precipitate with silver nitrate solution. 

Anal. Caled. for C,H,SnO: Sn, 72-04. Found: Sn, 72-10. 

Dimethyltin sulfide (trimer) was prepared by passing hydrogen sulfide through 
an aqueous solution of dimethyltin dichloride, filtering, and washing the precipitate 


* Research Fellow in Chemistry at Harvard University, 1958-1959. 
{1) H. Sreserr, Z. anorg. chem. 268, 117 (1952). 
2) N. Wrienut and M. J. Hunter, J. Am. Chem. Soc. 69, 803 (1947). 
(3) T. Tanaka, Bull. Chem. Soc. Japan 31, 762 (1958); R. Okawara, Jbid. 31, 154 (1958). 
4) L. J. Betxtamy, The Infrared Spectra of Complex Molecules (2nd Ed.). Methuen, London (1958). 
5] M. P. Brown and E. G. Rocnow,. J. Am. Chem. Soc. In press. 
(6) R. Okawara and E. G. Rocnow. J. Am. Chem. Soc. In press. 
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repeatedly with water saturated with hydrogen sulfide. After drying, it was 
sublimed yielding pure material with m.p. 148°C (the same as previously reported 


[7]). 
Anal. Caled. for C,H,SnS: Sn, 65-64. Found: Sn, 65-66. 
Methyltin oxide was prepared by the procedure described by LAMBOURNE [8]. 
Anal. Caled. for CH,SnO,,,: Sn, 75-25. Found: Sn, 74-17. 
Bis(trimethylgermanium)oxide (V) (or hexamethylgermanoxane), a new com- 
pound, was prepared by hydrolysis of trimethylbromogermane with aqueous 
sodium hydroxide, followed by extraction into petroleum ether, drying with 
calcium sulfate and distillation. It is a colorless liquid with a pleasant odor, 
b.p. 138°C (uncorr.), n>} 14299. Its n.m.r. spectrum (high resolution Varian 
apparatus) shows only one peak for hydrogen, so it is presumed quite pure. 

Anal. Caled. for C,H,Ge,0: C, 28°66; H, 7-22. Found: ©, 222; H, 7-21. 

Bis(tri-n-propylgermanium)oxide and bis(tri-n-butylgermanium)oxide were 
kindly donated by Professor H. H. ANDERSON. 


Infrared 

Spectra were measured on Perkin-Elmer (model 21) spectrophotometers, using 
NaCl optics for the 650 to 1500 em~' region and K Br optics for the 400 to 700 em™ 
region. We were able to use the latter instrument by the kind permission of Dr. 
Nakamorvo of Clark University. Wave-numbers are accurate to within +3 em . 
at 400cm™, increasing gradually to l0em™ at 1500cm"'. The following 
abbreviations are used in the tables: s, strong; m, medium; w, weak; v, very; 
b broad sh shoulder. 

( ompounds were examined in one or more of the following ways: in a solution 


K. A. Korscnescuxow, Ber deut. chem. Ges. @, 1661 (1933). 


S| H. J. Chem. Soc, 2533 (1922 
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in carbon disulfide, in a pressed K Br disk or as a liquid film. Because of widely 
differing physical properties one standard method could not be used for all sub- 
stances. In the figures and tables the medium in which the compounds were 
examined is indicated. 

The spectra of dimethylgermanium oxide (tetramer and _ high-polymer), 
dimethylgermanium sulfide and bis(trimethylgermanium)oxide between 400 and 
1500 cm~? are given in Fig. 1, and the corresponding frequencies, together with 
those for tetramethylgermane [9] and hexamethyldigermane [10] are given in 
Table 1. The spectrum of trimeric dimethylgermanium oxide is not shown in Fig. 
1, because this compound readily reverts to the other polymers {5] and so was not 
examined in the K Br region. 

The spectra of dimethyltin oxide, dimethyltin sulfide, methyltin oxide and 
1 :3-dichlorotetramethyldistannoxane between 400 and 1500 em~ are given in Fig. 2, 
and the corresponding frequencies, together with those for tetramethyltin [11] 
and hexamethyldistannoxane, are given in Table 2. 

Although frequencies are reported here only up to 1500 cm~', spectra were 
recorded up to 3500 em='. For all the compounds the only additional band observed 
was that of C—H stretching at about 3000 em, which was weak or very weak. 
This is in agreement with the observation of Wricgut and Hunter [2] on the 
intensity of this band for methylsilicon compounds. 

Assignments in Tables | and 2 have been made with the help of theoretical 
treatments of tetramethylgermane and tetramethyltin [1] and to a certain extent 
by analogy with methylsilicon compounds | 4}. 


Discussion 


Methyl deformation vibrations 


The methyl symmetric deformation, a sharp and easily recognized band, is 
the strongest and most characteristic of the methyl deformations which occur 
between 1150 and 1450 em~-!. This band lies in a narrow range of 1230 to 1240 
cm! for methyl groups attached to germanium in all the compounds considered in 
Table 1, and between 1180 and 1200 em for methyl groups attached to tin in the 
compounds given in Table 2 (and in certain other methy] tin compounds discussed 
elsewhere {12]). The same vibration for methylsilicon compounds [4] occurs between 
about 1250 and 1260 em~', indicating that the frequency of this particular band 
decreases with increasing mass of the atom to which the methy] group is attached. 


Methyl rocking vibrations 


The most intense absorptions present in the spectra of methyl compounds of 
silicon, germanium and tin are generally those which lie between 700 and 900 em~, 
and these are all now reliably assigned to the same type of vibration, namely that 
of rocking of the methyl group. As pointed out by Stesert, these vibrations are 
intermediate between inner vibrations of the methyl group and skeletal vibrations 
of the molecule, and in the tetramethyl compounds depend only on the force 


(9) EK. R. Lurrrscort and M. C. Topry, J. Am. Chem. Soc. 75, 4141 (1953). 

10} M. P. Brown. Thesis, Southampton University (1958). 

(11) W. F. Epveere. and C. H. Warp, J. Am. Chem. Soc, 77, 6486 (1955). 

(12) R. Oxkawara, D. E, Wesstrer and E. G. Rocnow. J, Am. Chem. Soc. In Press. 
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Frequency, cr Frequency, cm 


Wavelength, 


Fig. 2. Infrared spectra between 400 and 1500¢ * some methyltin compounds, 


constant for the H—C—X angle (X is silicon, germanium or tin). Tetramethyl- 
germane shows just one band [9] (at 810 cm 1) in the 700 to 900 em- region, 
which is assigned to a methyl rocking vibration [1]. Bands assigned to methyl 
rocking are also found in this region for hexamethyldigermane [10] and dimethyl- 
germanium sulfide. The polymers of dimethylgermanium oxide also absorb in 
this region. but the bands are associated with vibrations of the Ge—O—Ge link as 
well as with methyl rocking vibrations. 

Methy! rocking vibrations for the tin compounds given in Table 2 occur between 
700 and 800em-, and the same vibrations for other tin compounds, such as 
polymethyltin halides, formates and acetates, which are considered elsewhere | 12], 


also occur in the same range. As can be seen from Figs. 1 and 2, bands for the tin 


compounds are generally broader, with less well defined structure, than those for 


the corresponding germanium compounds. For example, dimethylgermanium 
sulfide (in carbon disulfide) shows three clearly defined peaks attributed to methyl 
rocking, but dimethyltin sulfide (in the same solvent) shows only one definite peak 


and two shoulders. 
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Table 2. Infrared absorption frequencies between 400 and 1500 em™ for some 
methyltin compounds 


[(CH,).5n5 |, CI(CH,)5n) Assignment 


CS, and CCI 
KBr disk Pa ‘ K Br disk KBr disk 
solution 
519 517s 519 m 
540s 


548 8 


CH,(—Sn) rock 


1188 1192 sh svm. CH,(—Sn) 
1206 m 1198 m 1204 8 deform. 
1410 w 1408 w 1400 m asym. CH, Sn) 


form. 


Absor ptions associated with the M—O M link 


In the spectra of silicon compounds, e.g. polydimethylsiloxanes |2], methyl 
rocking vibrations (formerly incorrectly termed sy mmetric-deformation vibrations 
[4]) can be distinguished from vibrations associated mainly with the Si—O—NSi link 
which occur as broad bands between 1000 and 1080 cm 1. In the spectra of the 
corresponding germanium compounds, however, the situation is not quite so 
straightforward because absorptions concerned with both methyl rocking and 
Ge—O—Ge stretching appear to occur at approximately the same frequencies. 
Germanium dioxide, for example, absorbs at 880 em~(our own observation) and so it 
seems reasonable to expect absorptions associated w ith Ge—O—Ge links in organo- 
germanium compounds at frequencies fairly near 880 em™. (SiO, absorbs at 1000 
em—. which lies within the siloxane region of 1000 to 1050 em 1) For the methyl- 
germanium oxides reported in Table 1. it therefore is difficult to assign particular 
vibrations in the 700 to 900 em~ region either to methyl rocking or to Ge—O—Ge 
stretching, but perhaps a tentative attempt may be made on the basis of compari- 


sons among the various germanium compounds given in Table 1. For example, a 


comparison of the spectra of hexamethyldigermane and hexamethyldigermanoxane 
reveals that they are almost identical except for a band at 870 cm for the latter 
compound; hence it seems probable that this band is associated mainly with the 
Ge—O—Ge link. Absorptions at 852 and 856 em™ for hexa-n-butylgermanoxane 
and hexa-n-propylgermanoxane are also probably associated with vibrations of 
the same link. As far as the three different polymers of dimethylgermanoxane are 
concerned, it is only safe to say that bands between 730 and 870 em~ are concerned 
with both methyl rocking and Ge—O—Ge stretching, but it is possible that the 
band of highest frequency in each case is associated mostly with the Ge—O—Ge 
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link (i.e. the bands at 848, 860 and 868 cm~ for trimer, tetramer and high-polymer, 
respectively); a conclusion which may be reached by comparing these spectra with 
that of the sulfide [(CH,),GeS],. 

From Table 2 it is clear that vibrations associated with the Sn—O—WSn link 
occur at frequencies /ower than those characteristic for methyl! rocking, and from 
the limited data for just three compounds and SnO,, which showed broad absorp- 
1 


tion centering around 650 cm it is tentatively suggested that the range for 


absorptions associated with the Sn—O—Sn link is 580 to 650 em~. 


Absorptions associated with M—CH, stretching 

The symmetric Ge—C stretch for tetramethylgermane [1] (in this case only 
Raman active because of its high degree of symmetry) is known to occur at 558 
em~!, and the asymmetric Ge—C stretch at 598 cm~'. The infrared spectrum of 
hexamethyldigermane has not been measured below 650 cm~!, but Raman measure- 
ments [10] show that the symmetric Ge—C stretch occurs at 572 em~!. On this basis, 
the other Ge—C stretch assignments are made. All the germanium compounds given 
in Table | which have either two, three or four methyl groups attached to german- 
ium show a band between 598 and 624 cm~! which is probably associated with an 
asymmetric Ge—C stretching vibration, and one or more bands (symmetry 
conditions favorable) at somewhat lower frequencies down to 560 em~. 

The assignments of the Sn—C stretching vibrations given in Table 2 are made 
with the help of assignments already made for tetramethyltin [1], hexamethyl- 
distannane [10] and other tin compounds |12], and the region of 500 to 570 em~! 
proposed as characteristic for the Sn—C stretch is considered reliable. The number 


of Sn—C stretching vibrations observed depends upon the number of methyl] groups 
attached to the tin atom and the symmetry of the molecule. 

Finally it may be anticipated that vibrations connected with Ge—S—Ge, 
Sn—S—Sn and Sn—C] links give rise to bands at frequencies too low to be detected 
by us (i.e. below 400 em~!). Bands at frequencies lower than about 450 or 500 em— 


in the spectra discussed cannot be assigned by us to characteristic vibrations. 


Acknowledgement—This work was supported in part by the U.S. Office of Naval Research. 
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RESEARCH NOTE 


Analysis of metallic samples by atomic 
absorption spectroscopy 


Received 26 January 1960) 


Mernops of chemical analysis based on atomic absorption spectroscopy have, to 
date. been restricted to the analysis of solutions or have involved prior solution of 
the sample. The atomic vapour on which the absorption measurement is made is 
obtained by spraying the solution into a flame. In a previous paper [1] it was 
suggested that the phenomenon of cathodic sputtering could provide a convenient 
and efficient method of obtaining atomic vapour directly from metallic samples. 
In this paper we report some preliminary results on the determination of silver, in 
the concentration range 0-005 to 0-05 per cent, in copper by this method. 

The apparatus used is similar to that described previously [2] except that the 
flame is now replaced by the sputtering chamber shown in Fig. 1. The sample for 
analysis is in the form of a cylindrical hollow cathode, 40 mm long and 12 mm 
internal diameter, and fits into a spring clip in the lid of the stainless-steel 
sputtering chamber. Closing the lid seals the tube which is then filled with argon 
to a pressure of 1 mm Hg and a discharge passed. The discharge current may be 
varied according to the metal used and the sensitivity required. In these experi- 
ments the current was 60 mA which was supplied from a d.c. power pack giving an 
open circuit voltage of 600 V. The discharge within the cathode “cleans” the 
inside surface and after 4 min the chamber is re-evacuated and refilled with argon. 
After the discharge has passed for a further period of 3 min the absorption by the 
sputtered vapour of a beam sent along the axis of the sputtering chamber is 
measured. The line used is the resonance line at 3352-9 A. The results obtained are 
shown by the calibration curve, Fig. 2, and the results of reproducibility tests 
listed in Table 1. 

We consider the method to be of great promise, and there seems little doubt 
that the technique used can be improved. A particularly attractive feature of the 
method is the ability to alter the sensitivity merely by varying the discharge 
current. The technique may be particularly valuable in the determination of 
elements. such as carbon, whose strongest resonance lines are in the vacuum- 
ultra-violet region. An important advantage of the sputtering method is that it is 
applicable to elements, such as aluminium, which cannot be determined satis- 
factorily by solution methods owing to the formation of refractory compounds 


in the flame. 


1) B. J. Russet and A. WatsH, Spectroc him, Acta 15, 883 (1959). 
®) G. F. Box and A. Watsn, Spectrochim. Acta 16, 255 (1960). 
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Table 1. Results of reproducibility tests 


Mean % | Standard deviation | Standard deviation 
of absorption of composition 


Nominal composi- No. of No. of 
tion % Agin Cu samples analyses | absorption 


0-18 
0-31 0-001 
0-54 0-002 


0-005 19 29 
0-01 17 ‘76 
0-02 3 ‘26 

25 0-67 


0-027 25 
0-05 90 1-60 0-0035 


Cathode and sample holder Vacuum take off 


Glass/meto! seo! 
ass 


Body—stainiess steel 


Silica windows 


Fig. 1. Diagram of sputtering chamber. 


002 003 


Per cent Ag in Cu 
Fig. 2. Calibration curve for the determination of silver in copper. 
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We hope to be able to report the results of further experiments, and give a 
more detailed discussion of this method, in the near future. 


B. M. GATEHOUSE 


Division of Chemical Physics A. WALSH 


CSIRO. Chemical Research Laboratories 
Melbourne. A ustralia 
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Spectrochimica Acta, 1960, Vol. 16, pp. 605 to 631. Pergamon Press Ltd. 


Printed in Northern Ireland 


REPORT OF MEETING 


1lth Annual Pittsburgh Conference on Analytical Chemistry 
and Applied Spectroscopy 


THe conference was held from February 29 to March 6. Approximately 3900 
conferees were in attendance. Of the 169 papers presented, 102 covered subjects 
of spectroscopic interest. The Spectroscopy Society of Pittsburgh 1960 award 
was presented to Dr. A. D. Nier in recognition of his contributions to mass 
spectroscopy. 


Abstracts of papers presented at the spectroscopic sessions were as follows: 


Emission Spectroscopy 


Spectrographic determination of tungsten, columbium and tantalum in high-temperature alloys 
by the porous-cup method: 8. L. Oprss and R. J. SpetiuMan, Pratt & Whitney Aircraft, 
East Hartford, Conn. 


The method consists of dissolution of the alloy and precipitation and purification of the 
mixed oxides of tungsten, columbium and tantalum. These are fused with KHSO, and the 
fusion products dissolved in an acid mixture. To this solution a measured quantity of a copper 
salt is added and the volume adjusted. Solutions are excited with a high-voltage a.c. spark, 
using the porous-cup technique. Densities of unknown lines versus a selected copper line are 
determined. Standard analytical curves are obtained in a similar manner, using weighed 
quantities of the pure oxides. Accuracy ranges from 0-25 to 5-00° of amount present, and 
coefficient of variation from 3-8 to 5-6%. 


The analysis of unirradiated fissium alloy by optical emission spectroscopy:* Joseru A. GoLen, 
Argonne National Laboratory, Lemont, Il. 


Unirradiated normal uranium alloys, commonly called “‘fissium”’ alloys, containing approxi- 
mately 2°59, molybdenum, ruthenium, 0-20°, rhodium, 0°30°, palladium and 2-5% 


zirconium, have been analyzed using an optical emission spectrographic method. Twenty-four 
samples were chosen at random for spectrographic and chemical comparison, and no special 


precautions were taken to assure duplicate samples. The average per cent spectrographic 


deviation from the chemical results for molybdenum was + 2-7%, ruthenium + 2-9°, rhodium 
+509, palladium + 5°3°% and zirconium +6°3°,. The precision of the spectrographic method 
for molybdenum, ruthenium, rhodium, palladium and zirconium was + 1-0%, 1-8%,, 1-7, 


2-1% and +2-2%, of the amount present respectively. 


Quantovac experiences in the British steel industry: A. Amprosre and 8S. Mure, Stewarts & 
Lloyds Ltd., Corby, England; J. R. Brown and G. Croat, GRKN Group Research Labora- 
tory, Wolverhampton, England; P. GALE, Steel Company of Wales Ltd., Port Talbot, 
Wales; W. Ramspen, Applied Research Laboratories (G.B.) Ltd., Harpenden, England, 
and W. 8S. Sykes, Steel, Peech & Tozer, Sheffield, England. 

The application of the British-built Quantovac to the control of steel-making processes 
has been investigated in several steel-works laboratories, where the requirements range from 
the high-speed analysis of Bessemer steel to the control of large are furnaces. 

Experience during the first year of operation has shown that the accuracy of the instrument 
is comparable with that of chemical methods for the determination of C, 8, P, Mn, Si, Ni, Cr 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
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Mo, Cu, Sn, V, in carbon and low-alloy steels, and far superior to conventional techniques in 


terms of speed and cost. 
The techniques developed in the various laboratories are described and the possibility of 


extending the techniques to blast furnace and alloy cast iron, and high-alloy steel, are discussed, 


Direct-reading spectrochemical analysis of beryl ore by the copper-pellet spark technique: 


Kennetu J. Betz, The Beryllium Corporation, Reading, Pa. 


The daily assay of beryl ore entering the ore-breakdown process is of prime importance, 


since it directly affects the efficienc \ of the BeO extraction and also the total cost of the chemi- 
A method in which ore samples are mixed with copper powder, 


cals entering the process. 
pelletized and sparked, using a direct reading sper trometer, has been tested over a period of 
4 months. The analytical control of the ore-breakdown process has been improved materially 
because of the precision and speed of the method. The precision of the method is such that 


the standard deviation measuring the variability is less than 0-2 at a concentration range of 


8°5-13-5°% BeO. A single operator can complete an analysis, including two set-up standards 


in 30 min. Accuracy and the effect of variations in major and minor constituents are also dis- 


cussed. 


Ammonium bisulfate fusion—Application to spectrochemical and other analytical techniques: 
Cyrus FetpMan, Oak Ridge National Laboratory*, Oak Ridge, Tenn. 


NH,HSO, has most of the fusion capabilities of KHSO, and several advantages as well: 
NH,HSO, can be completely volatilized on a hotplate without freezing over, or held at any 
between 150° and 450°C without volatilizing. Fusions may be carried out in glass, 
These properties are advantageous in the wet or dry spectrochemical 


temperat ure 


quartz or platinum 
analysis of small, refractory and/or insoluble samples. 


Use of a high-voltage a.c. arc source for the spectrochemical analysis of plant tissues: Jane 
Connor? and 8. T. Bass, Department of Agricultural Chemistry, Michigan State University, 


East Lansing, Mich. 


An ash powder technique for the analysis of plant material is described using a buffer 
system of K,SO, and graphite powder. The method described has applications for routine 
A very versatile sensitivity range is achieved by varying the amount 


analysis of plant tissue. 
of light entering into the optical system of the spectrograph. The precision of analysis meets 


the requirement of a quantitative spectrographic analysis of plant material. 
composition was designed to combine the transmis- 


A program to evaluate the plant sample 
sion read in a microphotometer and a digital computer, which leads directly to the composition 


of the plant samples. The method will allow for a correction of plate-response curve on each 


photographic plate, without the addition of extra microphotometer readings. 
A method of preparation of synthetic standards is described which represents an adequate 


A number of internal standards were investigated to determine the 


range for plant materials. 


most suitable system 


Relative intensities for the arc spectra of seventy elements: Witiiam F. Meoorrs, Cnar.es 
H. Cortiss and Bourpow F. Scrirpxer, National Bureau of Standards, Washington, D.C. 


The are spectra of seventy elements diluted one atom in a thousand atoms of copper have 


1 in the wavelength range of 2000 to 9000 A. Apparent line intensities for the 


been observ: 


diluted elements were measured relative to copper lines, and were converted to true relative- 


fter calibration by sources of known spectral energy. The data covering about 


enerTy val ios ai 
30,000 spectral lines are presented in two tables: (1) a list of the lines by element, giving the 
true relative intensity, the wavelength, the spectrum (I, II or III) and the two atomic energy 


levels involved; (2) a list by wavelength, giving the wavelength, element symbol, spectrum and 


* Operated by Union Carbide Corporation for U.S, Atomic Energy Commission. 
* Present address: Evans Research & Development ( orporation, 250 East 43rd Street, New York, 


N.Y 
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intensity. The intensities, found to be in agreement with R 


. B. Krno’s relative f-values, may 
serve as a source for true relative intensities within and between spectra of the elements, and 
for the determination of f-values for the elements involved. 


On background correction in spectrum line photometry:* Morris Sctavix, Brookhaven National 
Laboratory, Upton, N.Y. 


The rule that line and background intensities are additive (the common method of correcting 
for background) was tested and found not to hold. The relation between line densities in clear 
ground and in background was investigated and a possible explanation for the failure of the 
additive rule will be presented. Other difficulties in making background correction will be 


discussed, 


The Duo Spectranal, a grating spectroscope with an electrical flame source: Duane D. Harmon 

Fisher Scientific Company, Pittsburgh, Pa. 

Electrolysis by an alternating current will produce oxygen and hydrogen sequentially at 
the same electrode. The Spectranal source provides a mechanism for this electrolysis and the 
subsequent reignition of these combustible gases. The complete cycle occurs sixty times per 
second, therefore to the human eye the light given off by this combustion appears to be uninter- 
rupted. This light consists of the neutral spectra of the cations in solution in the electrolyte 
and may be detected by a spectroscope. 

A visual spectroscope employing a reflection type grating has been constructed to accept 
the light from two of these sources simultaneously. The observer is thus provided with a 
reference spectrum with which to compare the spectrum of an unknown. This facilitates work 
both of a quantitative and qualitative nature. 


Mechanism of elemental spectral excitation in flame photometry: J. \W. Roninson, Esso Research 
Laboratories, Esso Standard Oil Company, Baton Rouge, La. 


In the course of studying flame photometry in high temperature flames (oxycyanogen— 
5000°C) and low temperature flames (oxyhydrogen—3000 C), several interesting observations 
were made which are not explained by current interpretation of flame spectra. These were as 
follows: 


1. The flame acts as a U.V. source. The intensity of metal spectra increases with increased 


U.V. radiation from the flame, even when the temperature of the flame decreases. 
2. Metal spectral lines with wavelengths less than 3000 A are not usually observed. 
3. Organic solvents increase the spectral intensity many-fold. 

Current theory holds that flame temperature is the main variable in controlling spectral 
intensity. Although it explains qualitatively the third of these observations, it does not explain 
the first two. 

In an effort to understand these phenomena, several postulations are made. It is proposed 
that metal atoms are excited by ultraviolet light in the flame and that this means of excitation 
is at least as important as the temperature of the flame. It is also proposed that the mechanism 


of attaining this state is dependent on the solvent used (organic or aqueous Further, it is 


believed that some of the emitted energy is self-absorbed by the flame. Experimental evidence 


concerning the validity of these pr posals has been obtained. 


Flame spectroscopy of the rare earth elements: Kicnarp N. KNIseLey, VELMER A. Fasser and 
Ronatp H. Curry, Institute for Atomic Research and Department of Chemistry, lowa 


State University, Ames, lowa. 


The flame spectra of the rare earths have been examined in oxyhydrogen and oxyacetylene 
flames with aqueous solutions and in the same flames using organic solvents. In the re latively 
cool oxyhvdrogen flame most of the rare earths exhibit intense and complex monoxide band 


spectra with atomic line emission of little consequence, except in the case of europium and 


* Research performed under the auspices of the U.S. Atomic Energy Commission. 
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ytterbium. However, as the flame temperature is increased both by changes in the fuel and by 


ryan 8 ivents, the relative intensities among the bands « hanges greatly and emis- 
The analytical possibilities of these spectra using 


the use of « 
m lines become much more prominent 


bal 


different excitation conditions are discussed. 


Factors influencing the precision of the rotating disc electrode technique: F. A. Exkrr and 
R. F. Matson, Freeport Nickel Co., Port Nickel, La. 
A direct-reading spectrometer was used to determine the effect of the speed of rotation, 
f buffers and spark-stand ventilation upon the precision of the rotating 
Al, Zn, Cu and Cr simultaneously. 


matrix variltion, us 


trode in analyzing metal salt solutions for Ni, Co, Fe, 


cmc 


is interaction between the former three. CGener- 


All four variables affect the precision and there 
f rotation up to 30 rev/min and sensitivity increases up to 


all precision increases with sper j 


20) rev/min \ properly selected buffer is also important for better precision and spark stand 


ventilation should be closely controlled to prevent some analytical curves from shifting. 


Causes and corrections of matrix effects in spectrographic discharges: A. J. Frisqur, Research 
and Development Department, Standard Oil Company (Indiana), Whiting, Ind. 


In quantitative spectrographic analysis, changes in sample matrix can change analytical 


tios independently of element concentrations and cause large analysis errors. It is 


intensity Ta 


ts mainly from failure of the conventional « quation to account for « hanges 


shown that this resul 


in the discharge temperature \ new equation that includes a temperature term accounts for 


is shown that 


these changes and defines minimum requirements for matching line pairs. It 
ratio with matrix are a natural result of improper matching, (b) proper 


a) char in mtensit, 


matching can be established only by deliberately varving the discharge temperature and 


when matching is not possible, a temperature correction improves results. Matrix effects 


due to collisions of the second kind, an exception, were not observed for the sensitive lines used. 


Effects of acids in spectrochemical analysis by the solution residue method: CLanence L. Grant 
and WiiwiaM J. Hanna, Soils Department, Rutgers—-The State University, New Brunswick, 


N.J 


The SensitivityV. pret and accuracy of the solution reside method of spectrochemical 


wing graphite electrodes and spark excitation, varies with different acids and different 


f the same acid. One important factor is the effectiveness of the “acid proofing F 


concentrations 


treatment in retaining the salt cap on the surface of the electrode 
ising Fe°®® was used to determine quantitatively the extent of penetration 


A tracer technique 
of various solutions into : in 1} in. graphite electrodes. Acetic, hydrochloric, nitric, perch- 
ns of 0-02 M, 0-20 M, and 2-0 M, and four mixtures at the 


loric and sulfuric acids at concentrati 
two higher concentrations were studied with paraffin, Apiezon N and Plicene as “acid proofing”’ 
Some of the 


it Plicene was distinctly superior in retaining salt caps on the surface. 


variations in line intensity and intensity ratios are explained on the basis of electrode penetra- 


tion 


Stabilization of d.c. arc using a Stallwood jet: DD. 0. Lanpow, Spex Industries, Inc., Scotch 
Plains, N.J. and Arno Arrak, Belmont Smelting & Refining Co., Brooklyn, N.Y. 


By means of a restraining jac ket of gas, the Stallwood jet stabilizes the d.c. are and keeps 


its image centered on the slit of the spectrograph. Data are presented showing how the intensity 


of lines varies in different vertical slices of the are column to point out one frequently neglected 


rk Because the ar image remains stationary on the slit, superior 


source { error in d.c. are wo 
diucibilitv of line mtensity results whe i the Stallwood jet = used SO much hett« ru the 


rep 
precision that the technique may often permit the elimination of internal standardization. 


Observations on the emission spectrometric determination of the total oxygen content of metallic 
halides: Veumer A. Fasser, A. Gorpow and Skocrerpor, Institute for 
Atomic Research and Department of Chemistry, Iowa State University, Ames, Iowa 


The possibilities of determining the total oxygen content of metal halides by emission 


spectrometric techniques will be discussed and a method for the determination of the total 
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oxygen content of yttrium fluoride will be presented. This procedure is based on the emission 
spectrometric techniques developed at lowa State University for the determination of the oxygen 
content of metals. The fluoride samples are formed into briquets and placed into specially 
designed graphite electrodes which form the anode of high current d.c. are discharges in pure 
argon. If powdered graphite is admixed with the fluoride and if the excitations are conducted 
at reduced pressures, most of the oxygen content of the sample is evolved in 45 sec. The 
intensity ratio of the line pair J, 7775 A/J,, 7891 A is related to the oxygen content. The 
concentration range 0-03 to O-8 weight per cent oxygen 1s covered by the calibrations. The 


average of duplicate observations show a coefficient of variation of +.5% of the amount present. 


Spectrographic analysis of high-purity materials—Nickel*: Kicnuarn L. Rurr, Grorce L. 

Kiecak and Grorce H. Morrison, Sylvania Research Laboratories, Bayside, N.Y. 

A rapid direct spectrographic method is described for the analysis of impurities in high- 
purity nickel in the concentration range of 0-1 to 100 p.p.m. By means of spectrographic 
excitation in atmospheres of argon and nitrogen, it has been possible, under proper conditions, 
to increase the sensitivity for many elements several orders of magnitude over previous methods. 
Elements analyzed include Al, Co, Cr, Cu, Fe, Mg, Mn, Pb, Sn, Ti and Zn. 


Spectrographic analysis of high-purity materials—Silicon carbidet: H. Morrison, 
t1cHarD L. Rupr and Grorce L. Kiecak, Sylvania Research Laboratories, Bayside, N.Y. 
As in the case of other semiconductor materials, extremely sensitive methods of analysis 
for trace impurities in silicon carbide are essential to the development of methods of ultra- 


purification, as well as to a better understanding of the role of impurities on the electrical 


characteristics of the material. 

A direct spectrographic method is described for the determination of trace impurities in 
silicon carbide with limits of sensitivities for many elements in the range of 0-001 to 0-1 p.p.m. 
The method is based on the selective volatilization of the impurities from the matrix by employ- 
ing lower temperatures during the arcing process. This has been achieved through the use of 
argon in the are chamber. Enhancement of sensitivity is also achieved through the use of under- 
cut carbon electrodes and minimization of exposure time. Data will be presented for 25 impurity 


elements. 


Air monitor for beryllium: KR. E. Kuper, General Electric Co., ANP Division, Cincinnati, 
Ohio, and J. T. Rozsa, O. W. Ucuccrni and L, E. Zee, National Spectrographic Labora- 
tories, Inc., Cleveland, Ohio. 

The increasing use of beryllium has as its corollary, the greater need for safety precautions. 
Beryllium and its compounds are toxic and must be held to specific limits. 

Major concern has centered about airborne dust particulate matter. Analytical instrumen- 
tation for this problem must detect quantitatively and report immediately the presence of 
beryllium before an overdose condition can result. 

A unique mobile direct-reading spectrographic laboratory has been developed for the 
continuous sampling of air for beryllium. Both a visual warning and a continuous charting of 
concentration are provided. Sensitivity is materially below the 0-5 yg/l*® of air. Results are 
reported every 72 sec. 

The spectrographic determination of trace metals in surface waters: EK. ©. Tapor and T. H. 
HALLoran, Robert A. Taft Sanitary Engineering Center, Cincinnati, Ohio. 

A spectrographic method for the semi-quantitative determination of trace-metal concentra- 
tions in surface waters has been developed. Water samples are concentrated prior to analysis 


* The research reported in this paper has been sponsored by the Electronics Research Directorate of 
the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
AF 19(604)-5213. 

+ The research reported in this paper has been sponsored by the Electronics Research Directorate of 
the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
AF19(604)-4944, 
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to give a uniform content of total dissolved solids. Preparation of synthetic standards and 


method of calibration are discussed. 


Spectrochemical determination of trace elements in inorganic salts using a concentration—precipi- 
tation technique: W.G. Dunn, E. R. Loprr and R. L. Deum, Eastman Kodak Company, 
Rochester, N.Y. 

A modification of the concentration procedure of MrrcHELL and Scorr in conjunction with 
a spectrographic procedure for the simultaneous determination of seven elements in inorganic 
sodium and potassium salts will be described. 

Direct examination of the inorganic salts using the d.c. are or the solution a.c. are technique 
was found to be too insensitive to detect the majority of the impurities at the level at which 
they are normally present, which is usually less than 1 p.p.m. 

A concentration procedure was developed which utilizes two organic precipitants, 8- 
quinolinol and «-mercapto-N-2-naphthyl acetamide to precipitate copper, iron, lead manganese, 
nickel, tin and zine prior to spectrographic examination. Starting with a 10-g sample, the trace 
elements are concentrated in an ash weighing between 2 and 3 mg, approximately a 4000-fold 
concentration. The subsequent spectrographic procedure permits this total concentrate to be 
burned in a d.c. arc. The spectrographic matrix of graphite and lithium carbonate contains 
germanium and bismuth as internal standards. Calibration curves have been prepared covering 


the range of 0-1—5-0 p-p-m. for each of the trace elements. 


Atomic Absorption Spectroscopy 


The application of atomic absorption spectroscopy to chemical analysis: A. WaAwsu, Division of 
Chemical Physics, C.S.I.R.O., Chemical Research Laboratories, Melbourne, Australia. 
The theory and practice of spectroc hemical analysis by means of atomic absorption spectra 


W ill be cise ussed and an assessment ot the scope ot such rr thods presented. 


Atomic absorption spectroscopy—Some analytical applications and some limitations: R. Lockyer 
and G. E. Hames, Hilger & Watts, Ltd., London, England. 


A brief summary is given of some published work on this subject, showing its theoretical 
basis and certain applications, e.g. determination of Mg in soils, analysis of noble metals. The 
paper goes on to describe a variety of hitherto unpublished analytical applications, including 
ch determinations as metallic impurities in soda ash and small amounts of potassium in 
sodium iodide and of zinc in zirconium. Finally, some limitations of the method are described, 


and also some indications of possible future developments. 


Atomic absorption spectrophotometric applications: Raymonp R. Sawyer, Research Depart - 
vent, Perkin-Elmer Corporation, Norwalk, Conn. 


The application of atomic absorption spectroscopy to the chemical analysis of elements 
and the use of a Model 13 infrared spectrometer modified for employment as an atomic absorp- 
tion unit will be presented. Instrumental problems involved in recording atomic absorption 
spectra and the factors relating atomic absorption to atomic concentration will be considered. 
The use of hollow cathode-discharge tubes and Osram lamps as an atomic absorption source 
will be con red and atomic absorption spectra recorded employing such sources will be 


npie ntroduction methods and associated problems are considered. 


sh wri. 

The application of atomic absorption spectroscopy to the analysis of iron, sodium, potassium, 
calcium, magnesium, zinc, cadmium and aluminum in various media will be discussed and 
illustrated. Factors affecting the atomic absorption line width and spectral slit width required 
for isolation of the desired resonance line are to be discussed. Calibration curves indicating 
reproducibility and accuracy of measurement and the absence of inter-element effect will be 


discussed and illustrated. 
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Infrared Spectroscopy 


Infrared spectra of inorganic ions in the cesium bromide region: For A. Mitier and Geraip 
L. Cartson, Mellon Institute, Pittsburgh, Pa., and Freeman F. BentrLeEy and WapE 
H. Jongs, Wright Air Development Center, Wright-Patterson Air Force Base, Ohio. 


Several years ago Mritier and WILkrns [1] published the infrared spectra of a number of 
inorganic salts in the rock salt region. These spectra have now been extended to include the 
region 700-300 cm-!. 208 inorganic substances have been studied, and characteristic fre- 
quencies for 20 ions have been determined. 

Absorption in the CsBr region may arise from three types of motion in the sample. (1) In- 
ternal vibrations of a polyatomic ion, which is essentially a molecular effect and may give rise 
to a characteristic infrared frequency for the ion. (2) Tortional oscillations of water molecules 
in the sample. (3) Lattice vibrations. Since many inorganic substances are hydrated, and may 
be so to varying degrees, the absorption due to water in the sample often causes severe compli- 
cations when trying to identify an ion from its characteristic frequencies in this region. Lattice 
vibrations usually occur below 300 em! but may in some cases be useful for identification 
purposes. 

Non-reproducibility of spectra, Christiansen filter effects, and vibrational assignments for 
some ions will also be discussed. 


Infrared techniques in the identification and measurement of minerals: W. M. TuppeNHA™ and 
R. J. P. Lyon, Kennecott Copper Cor} oration, Salt Lake City, Utah. 


The capabilities and some of the problems of infrared examination of minerals and the 
outlines for a successful method of preparing these samples for infrared analysis are reviewed. 
Some of the problems covered have universal application while others relate directly to the 
halide-disk technique. 

Experiments to determine the effect of particle size on the absorption spectrum in the 2-15 
region have been made for two typical minerals. The necessity for reproducible grinding methods 
in quantitative work is shown with quartz and calcite as examples. A study of various methods 
of preparation and their reproducibility has enabled an accurate practical method to be 
developed. The applicability of the Beer-Lambert Law to suspensions of minerals in halide 
disks will be considered. Typical spectra are shown and the permanence of potassium bromide 
disks when correctly prepared are discussed. Examples are shown involving the estimation of 


the CO, contents of a series of carbonate—apatite samples and lithium contents in a series of 
lepidolites. 


Infrared determination of kaolin group minerals: R. J. P. Lyon and W. M. Tuppenuam, 
Kennecott Copper Corporation, Salt Lake City, Utah. 


Due to the poor X-ray pattern of halloysite, it is difficult to make a quantitative determina- 
tion on mixtures of the kaolin group minerals by X-ray diffraction analysis. In infrared absorp- 
tion analysis, the spectrum of halloysite is as clearly defined as those of kaolinite and dickite, 
and the content of these three minerals may be determined in mixtures by measuring the ratio 
between the depths of their several hydroxyl absorptions. Certain values of this ratio are 
characteristic for each member of the group. Coupled with the presence or absence of an 
absorption at 10-7 ~, an unique distinction between the three minerals may be made. 

A modification of the general kaolin structure is proposed to explain some of the similarities 
between the infrared spectra of dickite and halloysite. In kaolinite, the frequency of hydroxyls 
in the upper oxygen—hydroxy] level is 3/3, whereas in the mica group, this frequency is 1/3, 
two oxygens now replacing two of the three hydroxyls. In halloysite and dickite, this value 
must lie at 2/3 to account for their anomalous infrared spectra. 


[1] F. A. and C, H. Anal, Chem, 24, 1253 (1952). 
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Infrared absorptions characteristic of the terminal acetylenic group (C=C -H): R. A. Nyquist 


and W. J. Porrs, Spectroscopy Laboratory, The Dow Chemical Company, Midland, Mich. 


The infrared spectra of a variety of acetylenic compounds have been obtained. The behavior 


of the various frequencies (—==C—H stretch, ~3315 C=C stretch, ~2130 C—C= 


stretch, ~930 C—H bend, ~640 and C—C skeletal bend ~350 are 
discussed. The splitting of the degeneracy of the ==C-——H bend into two frequencies is discussed 
and an explanation proposed. A correlation between the ==C-—-H deformation frequencies and 


certain chemical parameters is suggested. 


Infrared spectra of polynuclear aromatic compounds in the C—H stretching and out-of-plane 
bending regions: Srernen E. Wisertey and Ricnarp D. Gonzatez, Department of 
Chemistry, Rensselaer Polytechnic Institute, Troy. N.Y. 

A study has been made of the infrared spectra of 36 polynuclear aromatic compounds 
including some known carcinogens. In most cases, the number of fused rings may be determined 
by measuring the frequency of the characteristic aromatic (C H) st retching vibration with a 
LiF prism. For unsubstituted fused rings, the (C-—-H) stretching vibration shifts to lower 
frequencies as the number of fused rings increases. In addition, the position of the fused rings 
can be established from data obtained from the out-of-plane (C—-H) bending vibrations in the 
range of 700-900 em. The effects that various substituents on the fused rings have on the 


spectra Ww ill be presented and discussed. 


Group frequencies in para-substituted phenols: K. J. Jakossen and E. J. Brewer, Battelle 
Memorial Institute, Columbus, Ohio. 


The infrared spectra of 16 para-substituted phenols have been recorded between 1600 em=! 


and 290 


in an effort to determine which vibrations of aromatic compounds are sensitive to 
the nature of the substituents. Assignments have been made for the ring frequencies of the 
phenols taking into account the available Raman spectra reported in the literature. 

Excluding carbon-—hydrogen stretching vibrations, fifteen vibrations can be classified as 
group frequencies, six frequencies are sensitive to the nature of the substituent, and five vibra- 
tions are unassigned. 

The group frequencies include the inplane CH bending vibrations, the out-of-plane CH 
bending vibrations, the C—C or ring-stretching vibrations, and some of the ring-deformation 

» substituent-sensitive vibrations are the ring-breathing vibrations, some of the 
ion vibrations and vibrations labeled as ring-substituent vibrations. These 
substituent-sensitive vibrations generally fall below 670 em, and illustrate the potential value 


of the far infrared spectral region as an analytical tool. 


The infrared spectra and analytical correlations for 24 alkylthiophenes: N. (:. Fosrer, D. M. 
Ricwarpson, B. H. Ecc testron and C. C. Warp, Bartlesville Petroleum Research Center. 
Bureau of Mines, U.S. Department of the Interior, Bartlesville, Okla. 


The Petroleum Research Center at Bartlesville has been a participant in the APIRP 48A 
program on the Separation and Identification of Sulfur Compounds in Crude Petroleum. The 
lack of reference compounds or infrared spectral data has made the identification of individual 
sulfur compounds boiling above 140°C difficult. The recent acquisition of 24 alky Ithiophenes 
has made possible a limited study of this important class of sulfur compounds. 

The infrared spectra of 2-monoalkylthiophenes and 2,5-dialkylthiophenes for the 2—15 n 
range are reported. Correlations for determination of the 2-alkyl and 2,5-dialkyl substituted 
thiophenes are derived from these data. The 2-alkylthiophenes exhibit a unique pattern in 
the 1780-1538 em region, while the 2,5-dialkylthiophenes exhibit a distinctive pattern in 
the 1780-1493 cm~' region. There is a skeletal vibration occurring in the 1000-1050 em= region 
for all of the thiophenes investigated. 

These data will aid the infrared spectroscopist in the identification of compounds of the type 


reported. 
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The infrared spectra of phenyl compounds of the group IV B, V B and VII B elements: L. A. 
Harranw and M. T. Ryan, Wright Air Development Center, Wright-Patterson Air Force 
Base, Ohio. 


The absorption spectra from 2 to 35 « of approximately twenty phenyl derivatives of the 


Group IV B, V B and VII B elements have been measured. The striking similarity of the spectra 


in the region above 800 cm™, as well as a comparison with the spectra of other mono-substituted 
benzenes, casts doubt on previous structural correlations for phenyl silyl compounds.[1] It 
will be shown that all of the bands in this region are most probably due to vibrations of the 
phenyl] group. 

In the region from 800 to 300 em, differences in absorption frequencies and intensities, 
characteristic of the metal substituents, are apparent. These differences are particularly 
applicable to the qualitative identification of metal phenyl compounds not possible in the region 
above 800 em=!. 

The spectra in the region above 800 cm™~! appear to be primarily mass dependent while the 


region below 800 cm~! is correlatable with other characteristics of the atom to which the phenyl 


group is bonded. 


Infrared spectroscopic study of aliphatic ester-alcohol hydrogen bonding: H. F. Smirn, A. 8. 
RosENBERG and 8. D. KuLLBom, Research and Development Department, Continental Oil 
Company, Ponca City, Okla. 

The carbonyl stretching band of n-hexyl hexanoate in both n-tridecane and n-dodecanol 
solutions has been examined. The ester carbonyl band in n-tridecane solution was sharp and 
strong, appearing at 1746 cm™. In alcohol solution the principal band, considerably weaker, 
was observed also at 1746 cm™'; however, a side band appeared at 1723 em~!. The sum of 
peak heights of the carbonyl bands at 1746 and 1723 cm~ in alcohol solution was greater than 
the peak height of the single ester carbonyl band at 1746 cm in tridecane solution. 

A series of solutions of n-hexyl hexanoate and n-dodecanol in n-tridecane were examined 
over a broad temperature range using a Perkin-Elmer Model 112 Infrared Spectrometer 
equipped with a CaF, prism. The spectral data obtained from these studies were used to 
assess the following quantities for the hydrogen bonding reaction involving ester carbonyl 
group and aliphatic aleohol hydroxy! group: 

(1) E., molar extinction coefficient of non-hydrogen bonded C=O, 

(2) E.. molar extinction coefficient of hydrogen bonded C=O. 

(3) A... equilibrium constant of reaction. 

(4) AF, free energy of reaction. 


Trace analysis by infrared methods: General techniques: W. J. Porrs, The Dow Chemical 
Company, Spectroscopy Laboratory, Midland, Mich. 


In order to determine a small amount of any material by infrared methods, the material 
must produce an absorption band which is measurable over the interference of instrument 
noise and background of other absorptions. Careful choice of spectrometer operating conditions, 
will help considerably in accomplishing this. Background absorption may be minimized by 
proper choice of sampling techniques, or can be eliminated in many cases by use of the differen- 
tial technique. Often the combination of physical and/or chemical separations with infrared 
methods will aid greatly in solving problems of trace analyses. 


Trace analysis by differential infrared methods: D. 8. Extey, Dow Chemical Co., Spectroscopy 
Laboratory, Midland, Mich. 


The sensitivity of infrared analyses can be improved many-fold by the use of differential 
methods. The technique of obtaining good differential spectra will be discussed in detail with 
several illustrations from practical plant problems. Examples of the use of the differential 


C. W. Younes, P. C. Servats, C. C. Currie and M, J. Hunter, J. Am. Chem. Soc. 70, 3758 (1948). 
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infrared technique to analyze trace organic chemicals in the blood will also be presented. The 
use of ordinate expansion and theoretical limitations of the method will be discussed. 


The determination of trace amounts of polyatomic inorganic ions by infrared spectroscopy: 
James R. Lawson, Department of Physics, Fisk University, Nashville, Tenn., and H. W. 
MorGan, Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 


The infrared spectra of several polyatomic inorganic ions in solution in alkali halide crystals 
have been obtained by a method which employs the potassium bromide disk technique. In 
practice, the alkali halide matrix and the sample are melted together and then quenched to 
form a true solid solution. The powdered solid is subsequently pressed to form a disk, and the 
infrared spectrum recorded in the usual manner. The absorption coefficients of the vibrational 
bands of the ions have been observed to increase in a striking manner upon the formation of 
solid solutions. The magnitudes of these increases permit the technique to be used for quantita- 
tive determinations in the microgram range. The sensitivity is such that samples of reagent 
grade potassium bromide show, by this technique, bands due to polyatomic ion impurities. 

The infrared spectra of the CO,™, SO,™, and OCN7~ ions in various alkali halide matrices will 
be presented together with Beer's law plots for several of the characteristic absorption bands. 
Limits of detectability, with and without scale expansion, will be provided along with a discus- 
sion of the limitations on the quantitative accuracy of this method. Some practical applications 
of this technique will be given. 


Analysis for trace amounts of silicones in foods and biological materials: H. J. Honner, J. E. 
Werter and N. C, ANcevorti, Analytical Research Laboratory, Dow Corning Corporation, 
Midland, Mich. 


Since the introduction of silicones to the food and drug industry, numerous problems 
involving the analysis of these materials in trace amounts have arisen. During the past several 
years solutions to many of these unusual and difficult problems have been obtained. Since 
silicones, because of their chemical inertness, give no color test or distinctive reactions, it was 
necessary to develop special extraction and concentration techniques to obtain samples in a 
form suitable for analysis. This paper summarizes the work and consolidates the ideas and 
techniques developed in our laboratory and applied to the various phases of the analysis. The 
scope of this investigation has extended from the analysis of vegetables, fruits, baked goods, and 
meats to the detection of silicones in human lung tissue, blood, and animal organs. 

A chemical silicon analysis may be applied provided residual] silica content does not interfere. 
A more definitive infrared technique has also been evolved for the detection and measurement 
of silicones. Typical examples of the various approaches used are described. 

Infrared spectra and recovery data are included. 


The determination of additives in polyethylene by absorption spectroscopy: H. L. Sreut and 


K. E. Eppy, Central Laboratory, The Dow Chemical Company, Freeport, Texas. 


The methods are presented for the determination of several anitoxidants and slip agents in 
polyethylene. These include Ionol, Santonox and Oleamide. 

It was shown that all of these additives were extracted from polyethylene by soaking the 
sample in various solvents at room temperature. The selection of the solvent depended upon 
the particular additive to be determined and the spectroscopic method employed to examine 
the solvent. 

Carbon disulfide and carbon tetrachloride extractions were examined in liquid cells with 
path lengths from 10 mm to 33 mm by infrared spectroscopy. When interferences were en- 
countered, iso-octance or methyl cyclohexane extractions were analyzed by ultraviolet spectro- 
scopy. The minimum detectabilities were about 1 p.p.m. and the precision was in the order of 

2 p.p.m. for the concentration range of 0-100 p.p.m. 

Detailed studies were made on extraction rates for the various additives in polyethylene in 

the form of powder, pellet and film. Practically complete extraction of all additives from 
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powdered polyethylene was achieved in less than 1 hr while 2-18 hr was required to extract 
pelletized polyethylene. 

Several methods of standardization are presented as well as an alternate analytical method 
which verified the spectroscopic determinations. 


Infrared—gas chromatography techniques for trace and micro analyses: W. F. Ucricu, W. S. 

GALLAWAY and T. Jonuns, Beckman Instruments, Inc., Fullerton, Calif. 

Although of recent vintage, combined infrared-gas chromatography techniques have 
already been used to great advantage for analyzing complex organic substances. Initial 
applications were concerned mainly with major constituents because of the practical limitations 
in both the infrared and chromatographic methods. Subsequently, significant progress has been 
made in reducing sample areas required in infrared and increasing the effective area of chroma- 
tographic columns. Consequently, it is now convenient to determine both major and minor 
constituents in micro samples and to characterize even trace constituents in larger samples. 

This progress is reviewed with particular acknowledgement to more recent applications 
involving use of preparative scale chromatographs and micro infrared sampling equipment. 
A comparison is made of the capabilities for the various infrared—gas chromatographic systems 
available to the chemist. The role of multiple sampling, micro gas analysis, and other special 
techniques are discussed with regard to more difficult analytical problems. 


The value of high resolution in infrared analysis: Jounx U. Waurre, White Development Corpora- 
tion, Stamford, Conn. and Howarp Cary, Applied Physics Corporation, Monrovia, Calif. 


In the application of infrared spectroscopy to chemical analy sis the accuracy of the results 
and the detectability of trace components have generally been limited by the instrumental 
restrictions of resolving power, repeatability and noise level. To achieve significant improve- 
ments in them a double beam infrared spectrophotometer has been designed and built to give 
the highest possible performance in a reasonable size instrument. It includes a synchronized 
prism and large grating that may be single or double passed to give theoretical resolutions of 
better than 0-1 cm™~!, an unusually stable detection system and a recorder linear in transmittance 


or absorbance vs. wave number. In the sample space there are reduced images of the entrance 


slit small enough to fit standard absorption cells, with enough room around them for equipment 
as large as twin 100 m gas cells. The design and application of the instrument will be discussed. 


Infrared spectra of crystalline straight chain methyl esters: H. Susi and 8S. Pazner, Eastern 
Regional Research Laboratory, Eastern Utilization Research and Development Division, 
Agricultural Research Service, United States Department of Agriculture, Philadelphia, Pa. 


The infrared spectra of crystalline esters from methyl acetate to methyl stearate have been 
obtained at liquid nitrogen temperature. The absorption spectra, which are in some aspects 
similar to the spectra of crystalline hydrocarbons, are discussed in the light of previous assign- 


ments tor methy] acetate and unbran he d hydre carb ns. Investigati mi ¢ f the complete set of 


spectra reveals series of bands which can be interpreted in terms of CH,, CH, and ester group 
vibrations. The regularities become more obvious with increasing chain length. For analytical 
purposes, each member in the series can be distinguished from every other member. The low 


temperature spectra of some mono- and polyunsaturated esters are also presented to demonstrate 


the specificity of data obtained on crystalline materials, as compared to solution data. 


Infrared spectra of some urea adducts: Sister Mimiam Micuarn Stimson, O.P., with Karen 
Erickson, CyntTuia THEISEN and ROSEMARY STECHSCHULTE, Siena Heights College, Adrian, 
Mich. 


A series of urea adducts were studied in the infrared region of the spectrum as KBr disks 
and were compared with the spectra of urea and of the endocytic compounds. Adducts were 
made of dodecy] alcohol, didodecy]! ether and laurie acid. Didodecyl ether was selected for a 


detailed analysis. Standard curves were obtained for didodecyl ether from which the C 
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absorption could be determined. Based on the infrared spectrum of the adduct it was calculated 


that 16 moles of urea adducted one mole of didodecy! ether. The didodecy] ether concentration 


was determined directly, but the urea concentration by difference since the N—-H band position 


is changed in the adduct with an unknown change in its intensity. 


Hydrogen bonding and the carbony! stretching frequency in picolinic and quinaldic acids: ‘ister 


Mary Rocer Brennan, 8.L.,* and Brother CotumBpa Curran, University of Notre Dame, 
Notre Dame, Ind. 


Electric moment studies by the authors have revealed that in benzene solution picolinic 


and quinaldic acids have intramolecular N --- HO hydrogen bonds effecting a five-membered 


ring closure. This results in a high frequency for the carbonyl stretching vibration similar to 


that observed for gamma-butyrolactone. In electron donor solvents two absorption peaks at 


lower frequencies are obtained. These are attributed to (a) molecules having both intra- and 


intermolecular bonds, and to (b) molecules having only intermolecular hydrogen bonds in 


which the hydroxy] group is cis to the carbonyl group. 


The order of effectiveness of the solvents studied in breaking the intramolecular bonds is: 


pyridine (best), tri-n-butyl phosphate, N,N-diethylbenzamide, dioxane, tetrahydrofuran, 


acetronitrile, nitrobenzene, nitroethane These acids are of particular interest in that the 


extent of solvation can be ascertained by studying the absorption by a carbonyl group not 


involved in hydrogen bonding. 


Pressure-broadening effects on infrared peak intensities of hydrocarbons: A. P. AvrsHuLErR and 
A. F. Warrsvure, Air Pollution Engineering Research, Robert A. Taft Sanitary Engineering 
Center, Public Health Service, U.S. Department of Health, Education, and Welfare, 
Cincinnati 26, Ohio. 
of infrared qualitative and quantitative analysis to the investigation of 
combustion and atmospheric gas mixtures, which consist, aside from carbon dioxide, carbon 
monoxide and water vapor, principally of light hydrocarbon gases, has proved to be quite 
useful. Practically, such analyses must be done at or near atmospheric pressure so that pressure- 


broadening is appreciable for at least the low molecular weight by hydrocarbons. Furthermore, 


calibration data obtained for pure hydrocarbons in one atmosphere of air, oxygen or nitrogen 


are not completely comparable with combustion mixtures which may contain 10 or 15 per cent 


carbon dioxide and several per cent of carbon monoxide. Consequently, the effect of substitu- 


ting carbon dioxide for oxygen in combustion gas mixtures might have a significant effect on 


the total increase in pre k intensity bserved 


The pressure broadening effects of one atmosphere of air or of carbon dioxide have been 


measured and compared with the unbroadened intensity data for various absorption bands of 


ethylene, acetylene, propylene, butene-l, trans-butene-2 and benzene at partial pressures 


between 0-5 and 20 mm of hvdr carbon gas TI e effects of varving the partial pressures of air 


and carbon dioxide on the intensity of several absorption bands of acetylene and ethylene 


at fixed partial pressures of the hydrocarbon gas. 


The use of infrared spectra at inclined incidence in the study of oriented films of crystalline poly- 
saccharides: ©. Y. Lance and R. H. Marcwessavur, Research and Development Division, 
American Viscose ( orporation, Marcus Hook, Pa. 


The infrared spectra (tilting spectra) obtained with the incident beam inclined to oriented 


films are discussed. Various experimental settings for obtaining the tilting spectra are con- 


sidered. It is pointed out that quantitative interpretations (deriving the direction of the 


transition moment of a normal mode) of the tilting spectra are not possible at present. Qualita- 


tive interpretations, however, are usually possible 


The tilting spectrum of a uniaxially oriented film of chitin crvstallites at various settings is 


presented for the purpose of demonstrating different tilting effects. The tilting spectra of 101 


Webster College, Webster Groves, Mo. 


* Present address: 


616 


ik 
7 
7 
were also determined 
<4 
E 
a 
‘4 
+ 
4 
x 


Report of meeting 


and 101 uniplanarly oriented films of cellulose I materials, and of doubly oriented films of 
cellulose I and cellulose I! crystallites are presented. A number of interesting tilting effects in 
these spectra are discusse] in terms of crystal structure 


Infrared study of some organo-phosphorus extractants: ©. A. Horron and J.C. Warre, Analy- 
tical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 


The infrared spectra of several organo-phosphorus compounds used for extractants have 
been studied. Many of these substances are under investigation as agents for the extraction of 
uranium and other meta’s from aqueous acidic solution. Since it is known that the presence 
of more than one species of extractant in the inert organic diluents often exerts a synergistic 
or antagonistic effect on the distribution coefficient of the metal to be extracted and may cause 
extraction of undesired e ements, the purity of the organo-phosphorus compounds is important. 
Infrared studies aid in the identification of such impurities. 

Compounds studied to date include tributyl, tricapryl and _ tris-iso-octylthiophosphate; 
dibutyl and di-sec-buty] phosphonates; tributvl and tris isopropyl phosphites; trisoctyl, 
tris 2-ethylhexyl, and a cyclic unsaturated phosphine oxide. Comparison of the observed 


infrared bands to prior correlations of functional groupings with vibration band positions 
provided indication of probable impurities in many of these compounds. Preliminary chemical 
and distillation treatments of some samples with infrared examination before and after treat- 
ment help assess the value of the purification steps. Some of the spectral findings are reported 
in this paper. 


Infrared study of some phosphine oxide adducts: ©. A. Horvron and J. C. Wurre, Analytical 


Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 


The infrared spectra of a number of adducts of tri-n-octylphosphine oxide (TOPO) and a 
few adducts of tris-2-ethylhexylphosphine oxide (T2EHPO) were recorded in order to obtain 
information concerning the type of binding which may account for the extraction of 
metals by these compounds. 


certain 
In all adducts, both those formed from equilibration with acids 


alone and with acidic metal solutions, bands typical of polyvalent anions were noted. These 
included the 1075 to 1130 em sulfate, 1000 to 1040 em= phosphate, 1050 to 1100 em! perch- 


lorate, and 1350 to 1390 cm nitrate bands. The phosphoryl vibration disappeared from its 
normal position of 1143 em! for solid films of purified TOPO. New, strong bands appeared 
at lower frequencies both for acid and metal adducts, indicating a radical shift of the former 
semico-ordinate phosphoryl! bond. Metals and their oxidation states studied included uranium(LV ) 
and (V1), molybdenum(V1I), chromium(VI), thorium, zirconium, hafnium, cerium(lV), tin(1V), 


titanium(IV), gold, bismuth and nobium(V). 


An infrared study of the systems tri-n-butyl phosphate—HNO, and bis-(2-ethylhexy]l)-phos- 
phoric acid —HNO,*: LD. F. Perrarp and J, R. Ferraro, Argonne National Laboratory, 
Lemont, Ill. 


An infrared study cf the systems tri-n-butyl phosphate--HNO, and _ bis-(2-ethylhexy! 
phosphori« acid HNO, has been made. It has been observed that the 


nitric acid extracting 


into these organo-phos} horus solvents is predominantly of a molecular nature, and that the 
bonding is to the phosphory! oxygen. In the TBP svstem, at low HNO, concentrations and 
high aqueous content, some contribution from ionized HNO, species is possible. The distribution 
coefficients of HNO, for these systems are also reported. 


The detection of hydrogenated fats in butter by differential infrared spectroscopy: |). ©. Barrier 
and D. G. CHarpmMan, Food and Drug Directorate, Department of National H 
Welfare, Ottawa, Canada. 


Butter contains cis, trans conjugated unsaturation as well as isolated trans 


while hydrogenated fats contain only the latter detectable in the 940-990 em l region. Using 


* Based on work performed under the auspices of the U.S, Atomic Energy Commission 
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differential infrared spectroscopy, it was found that the conjugated and isolated unsaturation 
are present in a constant ratio in pure butter. The addition of hydrogenated fats greatly 
increases the isolated trans double bonds (967 em) but leaves the « onjugated diene unchanged 
(948 and 980 em™'), thus « hanging the ratio. Using this technique it 18 possible to detect as 
little as 10 per cent of an adulterant fat. 


Applications in the infrared region from 800 to 400 cm™=': Frep W. Beunke, The Perkin-Elmer 


Corporation. Norwalk, Conn 


With the advent of low-cost infrared spectrophotometers which specifically cover the infra- 

d region of 800 em! to 400 em, an investigation was undertaken to determine the analytical 
applications afforded by this region 

Many different types of chemical compounds were examined including inorganics, solvents, 

aromatics, organometallics and others. Not only were qualitative spectra of many compounds 


obtained but some quantitive analysis as well as fundamental correlations were included. 


Design and performance of a low cost grating spectrophotometer in the 0°83-7°65 pu region: 
N. L. Avrert and R. E. Axacreon, Perkin-Elmer Corp., Norwalk, Conn. 


4 dual-grating monochromator, utilizing filters for elimination of higher orders, has been 
designed into an Infracord (R) to cover both the near infrared and the fundamental infrared 
wavelength ranges. Energy comparison with prism instruments will be made. Each grating 
range extends over a notebo« k sized chart, the range being selec ted by a toggle switch. De sign 
features will be described which retain the simplicity of the instrument while taking advantage 
of the high resolution—low noise performance available with gratings. 

The performance of the instrument will be illustrated by a number of spectra. Applications 
germane to the instrument will be surveyed. The high wavelength specificity, which results 
from the good resolution of the instrument, is utilized by the accurate location of absorption 
wavelengths and by a study of solvent effects. Spectral measurements of optical materials such 


as semi-conductors, interference filters and infrared glasses are also included. 


Fundamental investigations using a low cost, high resolution infrared spectrophotometer: rep 
W. Beunke, The Perkin-Elmer Corp., Norwalk, Conn. 


For the elucidation of molecular structure by means of infrared spectroscopy it is essential 
to have instruments which are capable of high resolution. The “‘finger-print” region from 
$500 to 1400 em” ' affords data on fundamental ¢ H. ¢ ) and ¢ N stretching vibrations to 
mention at 

In the pe it was necessary to have many different prisms available in order to obtain the 
best resoluti a particular area of the infrared spectrum. However, with the advent of 

is possible to obtain higher resolutions than that obtained from prisms 

erkin-Elmer Model 137-G is a grating infrared spectrophotometer which covers the 

12.000 to 3900 em and 4000 to 1300 em-!. We used the better resolution of the 

the frequency shift of the C—H and C=O stretching vibrations in a 

series of saturated « ketone hydrocarbons. The series was so chosen that the C—C angle 

was const: i ach compound (i.e. eyclobutane, cyclohexane, et« In the region 12,000 to 

3900 cm! we vestigate H combination and overtone bands for primary, secondary 
and tertiary 


Design and performance of an automatic double-beam prism grating infrared spectrophotometer 
for use between 250 and 800 cm™': Josern Asuiey, Beckman Instruments, Inc., Fullerton, 
Calif 


The design and performance of a new grating interchange for the Beckman IR-7 infrared 
spectrophotometer will be described. The use of a long wavelength grating combined with a 
cesium iodide prism has extended the useful range of the IR-7to below 250cm~!. Monochromator 
design will be discussed outlining the problems of grating efficiency and the need to change 


orders. An automatic order sorting mechanism synchronizes the prism and grating and permits 
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continuous scans from 200 to 800 em. Performance comparisons between a Golay-type 
detector and a thermocouple will be described with emphasis in the region below 400 em}, 
Methods used for minimizing stray light will also be discussed. 


The design and performance of a new prism-grating double-beam infrared spectrophotometer: 
W. Perkin-Elmer Corp., Norwalk, Conn. 


The design and performance of a specially built prism-grating spectrophotometer will be 


discussed. The photometry is based on the optical null principle. Gratings covering a wide 


+ range (4000 em! to less than 250 em") are used to gain high signal to noise ratios for accurate 
, quantitative analysis and to gain the inherently high resolution. 

3 The spectra region is recorded on the chart with no breaks or scale changes. Many functions 
ie such as both linear transmittance and linear absorbance recording, scale expansion, wide 
i spectral slit range, etc. will be discussed. 

, Design of electronics for a wide range infrared spectrophotometer: James 1. Suea, Perkin 
Elmer Corp., Norwalk, Conn. 

The electronics and electromechanical design of a new wide range optical null double-beam 

infrared prism-grating spectrophotometer is described. Emphasis is on a few of the more 
. interesting design factors. A programmer has been designed to provide a generalized program 
which includes contro. of changing of gratings, prisms and littrow cams, control of scanning 

and resetting, control of placement of the pen on the paper, etc. Front panel controls enable 
¥ the operator to modify the generalized program to automatically bypass, reduce or extend any 

of its functions. A slit servo system has been designed to provide constant wavenumber 
: resolution throughout the entire range of the instrument. 

The programmer a 80 controls the changing of scale factors in the paper servo system, thus 
making possible a continuous chart which is linear in wavenumber with no breaks or scale 
changes. 

7 A closed loop automatic-gain control has been designed for the optical attenuator servo 
system to keep the loop gain essentially constant. 

Molecular Fluorescence 

7 Fluorimetry and phosphorimetry at low temperatures—Analysis of some biologically significant 


substances: * SIMON FREED, Chemistry Department, Brookhaven National Laboratory, 
Upton, Long Island, N.Y. 


By way of introduction will be discussed transformations which spectra undergo as the 


temperature of substances is reduced. The resulting increased sharpness and greater contrast 


; between spectral structure and background lead to finer discriminations between substances, 
"4 more definite specific effects of their environments, and greater sensitivity, in general. These 
e features will be illustrated with substances in fluid as well as rigid solutions at low temperatures. 
ib Apparatus for measurements of the fluorescent spectra of crystals: F. Kh. Lipserr, National 
ai Research Council, Ottawa, Canada, 
rl In order to obtain useful fluorescent spectra the apparatus used should fulfill certain require- 
iS ments. Two monochromators should be used, and a third may be necessary to ensure freedom 
i from stray light. The volume of the specimen which is excited to fluorescence should be the 
7 same as that viewed by the detecting optics, and the optical arrangement should, if possible, 


allow either strongly or weakly absorbing specimens to be absorbed. Some means of determining 
the intensity of the exciting light should be available as well as a standard lamp which will 
allow the detecting optics to be calibrated. The insertion of the specimen into the apparatus 
should be easy, and facilities for altering the temperature of the specimen should be available. 


* Research performed under the auspices of the U.S. Atomic Energy Commission. 
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Various research workers have devised apparatus for achieving these objectives, and their 
methods will be very briefly mentioned. The apparatus in the author’s laboratory, which is 
used for obtaining the fluorescent spectra of organic and alkali halide crystals, will be described, 
with emphasis on those features which give it accuracy and versatility in operation. These 
include a servo system for monitoring the intensity of the exciting light source and cancelling 
fluctuations; a tungsten—quartz lamp for calibrating the detecting optics and a cam system for 
correcting the fluorescent spectra as they are recorded; and a kinematic trolley which allows 
reference stands, or cryostats or furnaces containing the specimens to be placed easily and 
accurately in the optical system. 


Influence of Rayleigh, Raman and instrumental scatter on emission spectra of molecules in 
solution—I. Observations with two Ebert monochromators: J. M. Price and M. Karmara, 
University of Wisconsin Medical School, Madison, Wis., and H. K. Howrerrox, American 
Instrument Company, Inc., Silver Spring, Md. 


A versatile micro spectrophotofluorimeter accessory: T. J. Porro, E. 8S. and WALTER 

SLAVIN, The Perkin-Elmer Corp., Norwalk, Conn. 

The desirability of recording both excitation and fluorescence spectra of fluorescing materials 
has been amply established. It has more recently been shown that, for some purposes, an 
advantage is gained in observing the fluorescence close to the angle of illumination. This 
eliminates non-linearity due to self-absorption and makes it convenient to use opaque samples. 

, few workers have taken advantage of optical methods to reduce sample quantities. 

ory is described which converts a double beam recording spectrophotometer into a 

micro spectrophotofluorimeter. The fluorescence section of the instrument utilizes the mono- 
chromator and detector assembly of the 4000 A spectrophotometer. The excitation section 


consists of a multiple source unit (xenon arc, mercury—xenon arc, hydrogen are and tungsten- 
filament lamp), a high aperture grating monochromator, and sampling area which by simple 
levers can be converted between the various modes of operation. 

Methods will be described by which the instrument may be calibrated to record spectra on 
an energy or quantum basis. Performance data are reported indicating instrumental sensitivity, 
and application potentialities. 


Three new recording spectrofluorometer designs and their comparison to a commercially available 
instrument: J. W. Go._pzrenerR and M. L. Givner, Southwest Foundation for Research 
and Education, San Antonio, Texas. 


Three recording instruments have been developed: (1) consists of an adaptation of the 


Beckman DK-2 spectrophotometer, (2) utilized chiefly standard Perkin-Elmer building-block 
components, and (3) was based on newly designed components in conjunction with Bausch & 
mb grating monochromators, and was intended for fluorimetry of solutions as well as paper 
Resolution, sensitivity, stability and other features have been evaluated and compared 


to an Aminco—Bowman spectrofluorometer. 


Fluorescence properties of the chlorophyll dimer: Seymour Steven Bropy. 
A new fluorescence band starts to appear as an ethanolic solution of chlorophyll is cooled 
emperature The fluorescence and absorption spectrum are presented; the 
ence and absorption are located at 715 and 685 my, respectively. Also des- 
» of fluorescence yield on concentration, temperature and solvent 
will be presented to support the contention that this fluorescence originates from the 


dimeric form of chlorophyll. The possible role of this dimer in photosynthesis will be discussed. 


Study of reversible changes in chlorophyll by the method of fluorescence spectroscopy: Per 
S. SrTensspy and J. L. Rosensperc, Department of Chemistry, University of Pittsburgh, 
Pittsburgh, Pa. 

Ch unges in the fluorescence spectrum ot chlorophylls a and b have been used to observe 
reversible changes that these molecules undergo at high concentration and low temperature. 
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: In both cases the chemical change is reflected in the appearance of an intense fluorescence 
. band above 700 my, near the location of the normal secondary peak of chlorophyll itself. These 

3 and other observations support the hypothesis that chlorophyll undergoes a reversible aggrega- 

ra tion. Allomerized chlorophyll, in which the external carbon atom of the isocyclic ring is 
: oxidized, does not show the effect. 

iS Fluorescence of hydroxyl-nitrogen heterocyclics: J. P. Paris and Warren W. Branprt, Depart- 
% ment of Chemistry, Purdue University, Lafayette, Ind. 


The lack of fluorescence in nitrogen heterocyclics has been thoroughly studied and attributed 
to the ease of singlet—triplet intersystem crossing in the excited state. This is a result of having 
an n to pi* transition as the longest wavelength, or lowest energy electronic transition, and is 
directly related to relative ground state energies of the highest filled pi electronic energy level 
and the sp orbital energy level containing the nonbonding electrons. 

In hydroxy substituted nitrogen heterocyclics such as 8 hydroxy-quinoline ionization of 
the hydroxy group increases the ground state energy level of the pi system above that for the 
nonbonding electrons. This results in a fluorescent species which is extremely solvent sensitive 
since the electrons on the oxygen atom are intimately involved in the excited state. 


A fluorometric study of the magnesium—bissalicylideneethylenediamine system: CHARLES 
E. Wuaire and Frank Curtirra*, University of Maryland, College Park, Md. 
Magnesium ions combine with bissalicylideneethylenediamine in slightly alkaline N,N’- 
dimethylformamide to form a highly fluorescent complex which serves for the determination 
of trace amounts of magnesium. The yellow complex fluoresces blue when irradiated with 


ultraviolet light. The chelate shows maximum fluorescence excitation at 355m and has a 
fluorescence emission maximum at 439 m. A complex having a metal-to-ligand ratio of 1:1 
is formed. The method is sensitive to 7 10-° »mole of magnesium per ml. The analysis of 
Bureau of Standards samples with the reagent showed excellent correlation between the 
fluorometric and spectrophotometric procedures, 


Fluorescence intensity as a measure of the wavelength sensitivity of plastics exposed on a heliostat- 
spectrometer: KR. C. Hirer, N. D. Searie and W. L. Durron, Central Research Division, 
American Cyanamid Company, Stamford, Conn. 


The degradation of plastics by sunlight frequently manifests itself by the appearance of 


vellowing or of fluorescence. The wavelength sensitivity of the plastics, or the intensity of 


fluorescence as a function of the wavelength of the incident degrading radiation, is termed the 
“activation spectrum”. A heliostat-spectrometer was used to disperse the ultraviolet portion 
of a concentrated beam of sunlight across the plastic sample, mounted similarly to a photo- 
graphic plate in a conventional spectrograph. The activation spectrum is named from the 
photochemical or actinic origin of the fluorescing degradation product; it should not be confused 
with “excitation spectrum,”’ which is the fluorescence intensity as a function of the wavelength 
used to excite the fluorescence. 


A “fluorintensometer’’ was built to measure the fluorescence intensity arising from the 


degradation products as a function of distance along the exposed sample, and thereby the 
wavelength of incident actinie ultraviolet radiation, in the manner of a microphotometer. 
Fluorescence is excited and measured through a slit mounted on a microscope vernier stage 
which is used to sean the sample. Excitation and measurement on the same side allows the 
use of optically poor or even opaque samples. Activation spectra have been obtained on the 
fluorintensometer for polystyrene, polyester resins and polyvinyl! chloride. 


Fluorescence spectroscopy of aromatic hydrocarbons and heterocyclics: 6. L. van Duvuren. 


Recent advances in fluorescence spectroscopic instrumentation have widened the scope of 
research in which this method can be used. The present work describes the use of fluorescence 


* Present address: U.S. Geological Survey, Washington, D.C. 
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spectroscopy for analytical work and in chemical structural studies. The fluorescence of seventy 
purified aromatic compounds was examined. 

Some of the factors affecting fluorescence spectra were studied. These include fluorescence 
intensity, concentration of solution correlations, limits of detection and changes in the relative 
intensities of peaks with concentration. Some heterocyclic compounds show large shifts in the 
position of the emission spectra with changes in solvent. These shifts are not always accom- 
panied by comparable shifts in the ultra-violet absorption spectra. The significance of these 
observations will be discussed. 

Fluorescence spectroscopy is useful in the analysis of trace amounts of aromatic compounds 
obtained from complex mixtures and its application in this area will be described. 


Spectrophotofluorimetry in food control problems: Enwarp 0. Haenni, Marie A. Hace and 
GeorGE D. Price, Division of Food, Bureau of Biological and Physical Sciences, Food and 
Drug Administration, U.S. Department of Health, Education, and Welfare, Washington, 
D.C, 

Spectrophotofluorimetry is a powerful tool in the investigation of food control problems, 
and particularly of problems relating to trace components under the provisions of the recent 
Food Additives Amendment to the Food, Drug and Cosmetic Act. Application of the technique 
in the isolation of the chicken edema factor from feed fat supplements, and in the detection of 
aromatics in solvents required in large quantity for such work is reported. The technique is 
also being applied to the determination of polynuclear hydrocarbons in food packaging materials 
of petroleum origin. Progress on other applications in the detection of trace components in 
foods is reported. 


The investigation of the chemical reactivity of excited molecular states of dyes with flash photolysis 
methods*: Leonarp I. Grosswetver and E. F. Zwicker, Department of Physics, Llinois 
Institute of Technology. Technology Center, Chicago, Il. 

Aqueous Erosin Y solutions emit a strong green fluorescence and a very weak, longer-lived 
phosphorescence when irradiated with visible light. Phenol quenches both emission processes, 
but the wide energy separation between the eosin emission and phenol absorption bands makes 
resonance energy transfer very improbable. The mechanism of the primary quenching process 
was investigated by means of flash photolysis, in which oxygen-free solutions of eosin and 
phenol are irradiated with an intense visible light flash absorbed only by eosin. Optical absorp 
tion spectra taken 5-1000 wsec after flash irradiation show the occurrence of a transient band 


SeTICS be ] 


w 400 mu. This spectrum was identified as the phenol radical cation, produced when 
solutions of phenol, or the phenolate ion below pH 12, are irradiated into the first ultraviolet 
absorption band. The results show that the primary phosphorescence quenching process 18 a 
sional electron transfer from phenol to the lowest triplet state of eosin, with the subsequent 
decoloration of the dye In alkaline solutions, the phenolate ion reacts with the eosin phos- 
phorescent state, but in this case, the spectra indicate that the primary product is a phenol-eosin 
molecular complex. The experimental methods used are applicable to the study of other 


dy quen her systems and photos nsitized reactions. 


The excitation and emission spectra of silicates, antimonates and sulfides: 1). T. P’avcumBo and 
R. W. Mooney, Sylvania Electric Products, Inc., Chemical and Metallurgical Division, 
Towanda, Pa 
The application of a commercially available radiometer? for the measurement of excitation 

and emission spectra of phosphors is described. Measurements obtained for the systems 

ZnS—Cds activated with Zn, Ag and Cu; CaSiQ, activated with Sn; and magnesium-—lithium 

antimonate activated with Ti, Nb and W are discussed. The dependence of the spectra on 

preparation conditions and their correlation with structure are shown. The utility of the ob- 
tained spectra for delineating areas of further experimentation is discussed. 


* Supported by the U.S. Atomic Energy Commission, 
Perkin-Elmer orporation, Norwalk, Conn. 
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A simple methodology for the separation and characterization of polynuclear hydrocarbons in 
urban airborne particulates: KE. Sawicki, W. Evsert, T. W. Stancey, T. R. Hauser and 
F. T. Fox, Air Pollution Engineering Research, Robert A. Taft Sanitary Engineering Center, 
Public Health Service, U.S. Department of Health, Education, and Welfare. 


A simplified procedure is described for the characterization of polynuclear hydrocarbons 
found in airborne particulates. The method involves one pass through a chromatographic 
column and subsequent ultraviolet, visible, and fluorescence studies on the fractions thus 
obtained. The characterization of the hydrocarbons is based mainly on fluorescence analysis. 
Unlike ultraviolet, visible and infrared spectrophotometric analysis, it is possible in many 
instances to obtain the pure fluorescence spectrum of an aromatic hydrocarbon in a complex 
mixture by determining the spectrum of the mixture at an appropriate activation wavelength 
maximum of the aromatic hydrocarbon. The final step then involves a destructive method of 
analysis, e.g. spectral analysis in sulfuric acid or a color test. The ultraviolet—visible absorption 
spectral envelopes of analogous fractions obtained from different communities are closely 
similar. Consequently, it is not surprising that in the airborne particulates of some 100 com- 
munities pyrene, fluoranthene, benzo{a}fluorene/or benzo[b)fluorene, chrysene, benzo|a] anthra- 
cene, benzof¢ |py rene, benzo[k] 


fluoranthene, pery lene. benzo[g.h,7|pery lene, anthanthrene and 
coronene are consistently found. 


Spectrophotometry and Rotatory Dispersion 


Estimation of errors in quantitative spectrophotometry: ©. W. Ewrve and R. C. Witnorr, 

New Mexico Highlands University, Las Vegas, N.M. 

A mathematical analysis of spectrophotometric errors, based on standard statistical formulas, 
is presented in a form calculated to enable the analyst to choose the optimum experimental 
conditions in analyzing samples of various kinds. Particular attention is paid to the possibility 
of setting both ends of the photometric scale with standard solutions, rather than with darkness 
and complete illumination, respectively, as in conventional colorimetry. 


The catalogs of spectral data of the American Petroleum Institute Research Project 44 and the 
Manufacturing Chemists Association Research Project: Atrrep Danti, Chemical and 
Petroleum Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pa. 

This report describes, in some detail, the present status of the catalogs of spectral data of 
the American Petroleum Institute Research Project 44 and the Manufacturing Chemists 
Association Research Project in the Chemical and Petroleum Research Laboratory at the 
Carnegie Institute of Technology. The spectral data covered include infrared, ultraviolet, 
Raman. mass. and nuclear magnetic resonance. Information will be presented on the number 


and kinds of compounds in the several catalogs. 


Measurement of photometric accuracy: WaAvrer Stavin and Tuomas J. Porro, Perkin-Elmer 
Corp., Norwalk, Conn. 


The literature does not provide a good method for determining the accuracy of the photo- 
metric co-ordinate of Spectrophotometers, particularly those with modern high-accuracy, 
non-linear slidewires. The problems inherent in the methods presently available will be reviewed. 
A sample will be described that has characteristics believed to be essential for a ré ally useful 
photometric standard. 

Auxiliary circuitry tor the 4000 A Spectrophotometer has been developed to calibrate these 
samples. Using this equipment it has been possible to measure the absorbance to better than 
Le | per cent even at high absorbances. 

Preliminary results in the checking of the photometric scales of instruments in various 
laboratories are discussed. Comparison data on the extinction coefficients of standard samples 


recommended by the National Bureau of Standards are given. 
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The design and performance of an ultraviolet—visible ratio recording spectrophotometer: ©. H. 
Brum.ey, J. D. R. J. MELTZER and L. L. Bausch & Lomb Optical Co., 
Rochester, N.Y. 

This paper describes a new ratio-recording spectrophotometer for the ultraviolet and visible 
regions of the spectrum. The spectrophotometer has a fixed band pass from 210 mmy to 
650 mmy, linear wavelength scale, linear transmittance or absorbance scale, built in wavelength 
calibration, a two grating monochromator and an air-cooled hydrogen lamp. A single integrating 
sphere attachment allows measurement of reflectance throughout the 400 mmy—700 mmy 
region. 

Methods analogous to those of Cahn and Henderson (./.Opt. Soc. Am.) 48, 380 (1958) have been 
used to measure the performance of this sper trophotometer. Data on photometric accuracy, 
wavelength accuracy, repeatability, stray light and stability will be presented. 


The design and performance of a new double-beam spectrophotometer: |). (:. Treorscn, R. E. 
Moopy and R. J. Manntnc, Beckman Instruments, Inc., Fullerton, Calif. 


The paper will describe the optical, mechanical, and electronic systems used in the design of 
a new spectrophotometer. The design is centered around a new light chopping system which 


utilizes only common mirrors. Some of the advantages and design considerations of this system 


will be discussed. A littrow-prism monochromator is used which minimizes the number of opti- 
cal components required. The electronic system uses feedback control to permit direct readout 
of per cent transmission in double beam operation. Recording is accomplished through the use 
of an external recorder controlled by the spectrophotome ter. The adaptation of the instrument 


to flame emission will be subscribed. The instrument has a wavelength range covering the visible 


and ultraviolet regions including the most useful range of commercial recording instruments. 

Data will be presented to illustrate the speed, accuracy, and stability of this instrument. 
Qualitative analytical uses will be illustrated with single-beam and double-beam, manual and 
recorded spectra of commonly encountered samples Quantitative performance will be sum- 


marized. The use of the instrument with the flame photometer accessory will be described. 


Automatic spectral recording of absorptivity or extinction coefficient*: J. Gornon ERpMAN 
and Court L. Wourer, Mellon Institute, Pittsburgh, Pa. 


Equipment is described for the automatic recording of absorptivity or extinction versus 


wavelength concurrent with the recording of absorbance. Any automatic recording spectro- 


photometer which linearly plots absorbance may be used to provide the primary signal] 

In principle, the constant, 1/bc, involved in the conversion is converted to a d. voltage 
which is applied across a potentiometer, the slider of which is connected to the pen drive of 
the spectrophotometer recorder. The output from the potentiometer, corrected for circuit 
effects, is applied to a second recorder operating synchronously with that of the spectrophotom- 


eter. Scale suppression is included to permit the recording of absorptivity or extinction over 


effectively two and a half widths of chart paper. 
Precision is approximately 1/4 per cent. Cost of components is less than $500 plus a chart 
recorder. Illustrations of utilitv and performance are prov ided. 


An absorptivity recorder: D. D. Tunnicuirr, Shell Development Company, Emeryville, Calif., 
and Rotanp C. Hawes, Applied Physics Corporation, Monrovia, Calif. 


An accessory has been designed for the Cary recording spectrophotometers which records 
on a 3- or 5-decade semi-log chart the absorptivity of the sample while the spectrophotometer 


is recording the absorbance of a dilution of the sample. The product of sample concentration 


and cell length for each dilution is set into a Veeder counter, coupled to a simple analog com- 


puter that converts the observed absorbance to absorptivity. One or more curve segments of 


absorptivity versus wavelength is obtained for each dilution of the sample. The composite of 


* This work was sponsored by the Gulf Research & Development Company as a part of the research 


program of the Multiple Fellowship on Petroleum. 
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all the segments obtained from a series of dilutions yields a continuous spectrum over the 


desired wavelength interval 
rreativ facilitates the ints rpretation of an unknown spectrum or the inter- 


This accessory " 


f a series of related spectra. It can also be used for obtaining reference spectra of 


Recording ultra-violet spectrophotometer for routine use: (:. E. Fiswrer, Hilger & Watts, Ltd., 

London, England 

A new spectrophotometer is described that has some novel design features 

The intended field of application is routine laboratory analysis, and work that involves 
infrequent changes in programme. The result is a more economical instrument, and one that 
can be operated by unskilled labour 

The monochromator design is similar to that used in a non-recording instrument, but it 
has been made more powerful with little loss in resolution. The slits are of a new design, and 
are driven by a programmed cam giving equal energy. The prism scanning system is driven by 
a similar mechanism 

The photometer is a new form. It is one of a family of systems having advantages in inde- 
pendence of light balance with deterioration of mirrors 

The photometer setting is servo-controlled, and the connections from the photometer and 
the monochromator to the recorder are mechanical 

The recorder takes two sizes of chart, the larger one having a ruled abscissa length of 450 mm, 


the smaller are being standard foolscap sIzZe 


Differential spectrophotometry: W. Laven and V. Banks, Institute for 
Atomic Research and Department of Chemistry, Lowa State University, Ames, lowa. 
The various methods proposed for decreasing the relative concentration error, AC/C, in 


spectrophotometric concentration measurements are discussed in terms of the general relation 


AA 


Sf 


AC 


where A4 is the absolute absorbance error, and S is the slope of the absorbance concentration 


irve at anv concentration, ¢ The methods are, somewhat arbitrarily, placed in one of three 
ategories based on whether the attempted reduction in SC/C is achie ved primarily by decreasing 
\4.b nereasing NS or by increasing ( The advantages and disadvantages of the three ap 
proaches ar liscussed: the ce lopment of a differential method, likely sources of error, and 


» considered 


X-ray Spectroscopy 
Some crystallographic aspects of X-ray spectrochemical analysis instrumentation: J. Lape. 
und H. Sprecserc. Philips Laboratories, Irvington-on-Hudson, N.Y. 


X-rav fluorescence analysis instrumentation can be « nhanced by taking into account crystal 
ther than the principal diffracting planes normally 


reflections from the monochromator analyzer « 

sed. For example, a multi-channel spectrograph which requires only one crystal analyzer may 
be designed i zing a para Laue te hnig T The manifold advantages of such a design will be 
discussed As another example, in conventional spectrographs where one set of diffracting 


planes is required for the analysis, spurious diffraction effects sometimes occur In the form of 


diffraction lines of small intensity which cannot be readily identified in terms of elements in 


the specimen matrix The spurious effects may also be manifest in distorted line shape through 


increased intensity in the tails of the recorded line profiles. A large proportion of these undesir- 
able spurious effects are due to upper level reflections The origin of the spurious effects and 
remedies for removing them by proper design of the instrument and choice of crystal will be 


disc ussed., 


pure mpounds 
= 
16 
A 19060 
A, 
the treatment of cell corrections are 
ay 
626 
4 
a 
= 


Report of meeting 


X-ray analysis of copper base alloys and pure copper residuals: H. T. Dever, Applied Research 

Laboratories, Inc., Dearborn, Mich. 

X-ray fluorescence provides a rapid and precise means for the analysis of copper base alloys 
and pure copper. The determination of copper, tin, nickel, zinc, iron, manganese, tellurium, 
antimony and lead in copper base alloys and copper, lead iron, arsenic, zinc, tin and nickel in 
pure copper has been studied employing the principle of an external standard for control 
purposes. 

A large number of alloy types with various metallurgical histories was investigated to 
determine the effects of matrix variation, metallurgical history and surface preparation. The 
results of this study and the resulting method will be described. 


A high speed, selective-uniform particle size grinder for the preparation of analytical samples: 


A. H. Prrenrorp, Pitchford Scientific Instruments Corp., Pittsburgh, Pa. 


Non-uniformity of particle size and mixture has become a major factor in the inaccuracies 
experienced in instrumental analysis. A new means of selective-uniform particle size grinding 
minimizes these problems. The technique permits the selection of the desired particle size. 
Particles are removed from the grinding means when they reach the selected screen size, rather 
than being retained to be further reduced. Materials as hard as tungsten carbide and as soft 
as coal or paint pigments can be processed to a low micron size with ease. Ferrous bearing ores 
which usually present the problem of smearing when reduced to very small particle sizes, 
present no problem. The speed of reduction to a very fine mesh size is extremely fast. One 
hundred per cent of the sample is processed. The system may be continuously fed and will 
produce a very even chemistry. Graphs taken by X-ray spectrographic techniques show the 


effects of greater control of particle size and uniformity of mixture. 


Determination of minor constituents in steels by X-ray fluorescence: FE. Micnartis, 
Ropert ALVAREZ and Berry Ann Kitpay, National Bureau of Standards, Washington, 
DC 


The analysis of low-alloy steel and some higher-alloy types by X-ray fluorescence has been 
investigated for the determination of minor constituents (less than 0-2 per cent), and particularly 
for those elements for which optical spectroscopy is applied with difficulty In this study, 
detection limit, interference, and precision were examined for the following twenty elements: 
Ag. Al, As, Co, Cr, Cu, Mn, Mo, Nb, Ni, P, Pb, S, Se, Si, Sn, Ta, Ti, V and W. For most 
of the elements, the detection limit is below 0-05 per cent which is sufficient for control analyses 
for these elements. Interferences or inter-element effects in low-alloy steel were found not to 
be serious, but may be encountered, for example, zirconium interferes with the determination 
of molybdenum. The application of NBS standard samples for these determinations is discussed 


Some analytical applications of beta-excited X-rays: Doris CLecc Mutier, University of 
California, Los Alamos Scientific Laboratory, Los Alamos, N.M. 


Cheap and abundant beta-emitting isotopes can be incorporated in pocket-size assemblies 
to provide useful intensities of characteristic X-rays. With simple demountable metal targets, 
the characteristic X-rays of elements from vanadium (Z 23) to bismuth (Z 83) are readily 
produced. Molded targets of chemical compounds or mixtures can prov ide two or more charac- 
teristic X-rays from a single target. Absorptiometric analyses can be performed with these 


steady sources the precision of which is limited only by the statistics of nuclear counting rhe 


speaker will describe applications to absorptiometry, corrosion studies and to chromatography. 


Direct-reading X-ray polychromators for research and production control: FE. Davipsoy, 
A. W. Gutkerson and H. Nevnavs, Applied Research Laboratories, Inc.. Glendale, Calif. 
A new series of X-ray Quantometers has been designed which present the analyst with a 
choice of expandable instruments best suited for his individual needs. 
Simultaneous, rapid analysis of all elements with atomic number above 11 can be achieved 
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with either fixed or scanning monochromators. The optical paths for the soft X-ray region 


channels can be evacuated or filled with helium. 


Maximum flexibility for various applications has been stressed in the designs with the usual 


emphasis on instrumental stability and spee d of analysis. 


Ease and safety in sample handling and vacuum tight detectors for the soft X-ray region 


are major design developments incorporated in these latest X-ray fluorescence instruments. 


A new automatic X-ray fluorescence spectrometer: J. K. STANSFIELD, Hilger & Watts Ltd., 
London, England. 


An instrument incorporating various nove | features has been developed for rapid automatic 


analvsis by X-ray fluorescence spectroscopy. The spectrometer 1s continuously evacuated, or 


may be helium filled, and the samples are rapidly changed by a specially de signed slide mecha- 


nism. The detectors move to each spectral line in turn according to a programme controlled by 


a patchboard and a separate detector 1s used as a monitor to improve the overall stability. 


Interchangeable boards may be pr pared for any desired programme, and for each measurement 


thev control the spectrometer angle, crystal, pulse height analvser setting, integration time 


and a scale factor in the printed r sult. Up to 20 elements may be determined in one sequence 


and the results are presented in tab Jar form on an electric typewriter. High accuracies have 


been obtained in a number of metallurgical and other analyses. 


X-ray spectrometry applied to small areas using a commercial instrument: K. F. J. Herricn 
and T. D. McKrxtey, Pigments Department, E. I. du Pont de Nemours & Co., Inc., 
Wilmington, Dela 


With minor modifications, a commercial, flat crystal X-ray spectrometer can be transformed 
into an immsti ent capable of analyzing, both qualitatively and quantitatively, areas down to 
1-500 nw a et Since background is drastically reduced, the counting rates are satisfactory 
for the detection of minor constituents. Th spectral resolution is much superior to that obtained 

! ro sca Phe use of the strument as a probe does not preclude its use for conventional 
ses since char ver can be made in a few minutes. Many new applications of X-ray 


Optimum operation of X-ray tubes for X-ray fluorescence: Istpore Apter and Harry J. 
Rose. Jr... U.S. De partment of the Interior, Geological Survey, Washington, D.C. 


The per blem f increasing the SeNISItiIV IT’ f the X ray fi orescence method is essentially that 


f{ realizing improved signal-to-background ratios To accomplish such improvement, one must 


he concerned with optimum excitation, detection, and sample preparation This paper will 


concern itself largely with X-ray tubes and their operation. The X-ray spectrographe r is 


limited to commercially available X-ray t ibes and must carefully emphasize that the vendor 


supply the spectrographi tvpes which vield comparatively pure spectra. The presence of 


unwanted spectral lines can seriously effect a spectrograph analysis. 


The rules for the most effective mode of operation of the X-ray tube depend on the spectral 


n of interest. Generally, it 1s sirable to run the X-ray tube at the maximum permissible 


} 
le 
voltage in order to insure that the largest p ssible number of unknown elements are excited to 


fluorescence. Less than the maximum voltage is d sirable when selective excitation is desired 


or when verv long wavelengths are be ing excited 


Recent theoretical studies have been published which show that for the short wavelength 


ir region. tungsten target tubes are optimum whereas molybdenum target tubes are more 


effective in the helium range. Examples will be pre sented to demonstrate these points. 


Instrumental methods of increasing detectability in X-ray fluorescence analysis: Wittiam J. 
CAMPBELL, U.S. Department of the Interior, Bureau of Mines, Eastern Experiment Station, 
College Park, Md. 


The following topics will be discussed in regards to the detection of trace or minor constituents: 


(1) Choice of curved erystal or flat « rystal optics for samples of the following types. 
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(a) Minute localized samples, e.g. metallic inclusions. 
(b) Micro or milligram samples chemically or physically separated from the base material, 
e.g. Ge in coals, 
(c) Trace or minor constituents in base material, e.g. metallic impurities in high purity 
beryllium. 
(2) Collimation requirements. 
(a) Single versus double parallel plate collimators 
(b) Relationship of peak intensity to collimator divergence 
(c) Design of parallel plate collimators 
(3) Analyzing crystals. 
(a) Effect of mechanical and ultrasonic abrasion on crystal reflectivity. 
(b) Variation of peak intensity from etched and polished crystals with wavelength. 


Function of the detector system in determining sensitivity and detectability in X-ray fluorescence 
analysis: ©. F. Henper, Philips Laboratories, Irvington, N.Y. 


A review will be given of the various factors that determine the efficiency and operation of 
a detector system. This will include a discussion of detector efficiency, energy, discrimination, 
counting, statistics, etc. Reference will be given to recent work in this field. The areas where 
improvement could be made and the prospects of this coming about will be discussed. 


Crystal discrimination in X-ray spectrographic analysis: Paui Lusiiy, Sylvania Research Lab., 
Bay side, N.Y. 


There are many cases of line interferences in X-ray spectroscopy where the line to be 
measured is due to a trace element, which is obscured by a higher order reflection from a major 
element. Pulse height discrimination techniques may be tried but, because of linearity limita- 
tions of present day pulse height analyzers, complete elimination of the higher energy wave- 
length is not possible. Another technique is to lower the kilovoltage below the excitation 
potential of the interfering element. This is satisfactory, but the limit of detectability is raised 
for the trace element. There are many other “devices” which may be tried, but all of these 
involve a loss in sensitivity in the determination of the trace element. 

The “crystal discrimination” technique involves the use of an analyzing crystal whose 
second order reflection is missing due to crystal structure considerations. Germanium or 
silicon, cut so that (111) planes are parallel to the surface of the crystal, would be satisfactory 
analyzers for this purpose. The use of one of these crystals and the application of this method 


to the niobium—tantalum and zirconium—hafnium systems are discussed. 


A universal X-ray counter: W. Rh. Kivey, Philips Electronics, Mount Vernon, N.Y. 
Performance and application data are presented for an X-ray counter capable of efficient 


detection of X-ray wavelengths in the range of 0-2-12-0 A. Examples of gas and electronic 


discrimination are given. 


Nuclear Magnetic Resonance 


NMR spectrometry as an analytical technique: James N. SHoorery, Instrument Division, 
Varian Associates, Palo Alto, Calif. 


Although NMR spectrometry has become firmly establishe* as a structural tool during the 
past seven years and to some extent as a qualitative analytical tool, the applications to quantita- 
tive analysis have developed more slowly. Now, however, with the advent of new stabilization 
techniques, to be described, the electronic integration of spectra appears capable of yielding 
results with satisfactory analytical accuracy. The experimental conditions which give optimum 
results will be discussed, e.g. relaxation times, sweep rates, magnetic field homogeneity and 
stabilization, and r.f. power level. ‘The analysis for total hydrogen in complex organic compounds 


using samples of 20 mg or less will be described. Determination of possible impurities in a 
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supposedly pure compound from the NMR intensity ratios for various functional groups will be 
demonstrated. The use of such ratio information for structural determinations will also be 
illustrated with several examples 


The general problem of standardization and calibration of spectra will also be reviewed. 


Fluorine nuclear resonance spectroscopy. Correlations of shielding values with structure and 
with configuration; conformational and substituent group effects: (‘rorce van Dyke 
Trers, Central Research Department, Minnesota Mining & Mfg. Co., St. Paul, Minn. 


A practical yet highly precise technique for the measuring and recording of spectral position 
(shielding values) for fluorine nuclear resonance bands has been developed [J. Phys. Chem. 638, 
761 (1959)]. Shielding values, ¢, are reported for a wide variety of fluorine-containing structures, 
with the obvious correlations being further supported by multiple examples. 

Of particular analytical significance is the use of high-precision ¢-values to establish reliable 
correlations of what may be entitled “second-order effects”. Heretofore, such systematic 
variations (less than ca. 2 p.p.m.) have been obscured by the relatively large and unpredictable 
solvent-shift and bulk-susceptibility corrections required. Distant-substituent-group (and 
chain-length) effects, now observed, often do not show simple attenuation with distance along 
the valence bond system but instead correlate rather well with steric and conformational 
requirements 

Other useful analyti al technique s include differential solvent depend nee of d-values, and 


of course correlations based on F—-F, H—F and C'*—F spin-spin coupling constants. 


Organic applications of nuclear magnetic resonance spectroscopy: Kexneru B. Wiserc, 
Department of Chemistrv. Universitv of Washington, Seattle. Wash 


In organic chemistry, NMR spectroscopy is most commonly used for structure determination 
and for functional group or isotope analysis. Under structure determination, two cases may be 
recognized: those in which the structure may be largely determined by the analysis of the 
NMR spectrum; and those in which the NMR spectrum is used as a tool in the same fashion 
as the infrared spectrum. In the former, a study of the spin-spin coupling is of particular 
importance, whereas in the latter. a knowledge of the range of chemical shifts which mav be 
f id for a given functional group, and the factors which influence the chemical shift are of 
main importance Examples of structure determination by each method will be given, and the 


a lable data on the effect of structure on chemical shifts will be discussed. 


ailab] 
NMR spectroscopy is very valuable in functional group analysis, and in favorable cases may 


1 instead of the more conventional methods. The types of functional groups which are 
larly suited to this method will be discussed. The use of NMR spectroscopy in the analysis 
pes such deuterium and oxy yen 17 will be considered and SOTTM example s of the 


on of this method will be presented 


Quantitative analyses by high resolution nuclear magnetic resonance: Koviie B. WiLLiaMs. 
Research and Development Division, Humble Oil & Refining Company, Baytown, Texas. 


Most corrections required with the older conventional high resolution spectrometers for 
tative analyses [1] can be essentially eliminated bv high audio frequency modulation 

phase sensitive detection [2], or by r.f. phase sensitive detection. The audio frequency 

is also especially effective in eliminating baseline (vertical) instability. Field drift 

blems (horizontal instability) in commercial spectrometers can be greatly reduced by proton 
stabilization [3 Optimum minimization of r.f. power saturation without over sacrifice of 
signal-to-noise ratio is calculable for any field scan rate by a simple relationship; this relation- 
ship also provides an accurate means for determining r.f. field, H,. These modifications and 


considerations are particularly effective, when incorporated with electronic integration of 


1} R. B. Wrettams, Ann. N.Y. Acad. Sci. 70, 890 (1958). 
2) K. Havpacn, Helv. Phys, Acta 29, 37 (1956); H. Primas, Ibid, 31, 17 (1958). 
3) R. B. Wriitams, ISA Journal 4, 163 (1958), 
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spectra for area measurements, in reducing operator attention and in improving accuracy and 


precision of quantitative determinations (to the order of 1 per cent). Quantitative data on 
pure compounds will be presented. 


Rapid fluorine analysis by wide-line NMR: H. Rvusry, The Schlumberger Well Surveying 
Corporation, Ridgefield, Conn., and R. SwWARBRICK, Esso Research and Engineering Com- 
pany, Linden, N.J. 


By means of a wide-line NMK spectrometer employing a permanent magnet, rapid quanti- 
tative measurement of fluorine can be made in liquids. This instrument 1s equipped with an 
electronic integrator which gives a signal directly proportional to the total number of fluorine 
nuclei present. A single linear calibration has been obtained for a variety of fluorocarbons, 
both in the pure state and in mixture. Dilutions of fluorocarbons in CC], also fall on the same 
line. The sample size is 0-2-0°5 ml and the lower limit of measurement is about 3 mg of fluorine 
per sample. The precision was found to be 2 per cent relative in fluorine for pure compounds 
in the range of 14-57 per cent fluorine. Normal measuring time is 2 min. 


a 
a 
‘ 
fee 
‘a 


Spectrochimica Acta, 1960, Vol. 16. p. 632. Pergamon Press Ltd. Printed in Northern Ireland 


NOTICE OF MEETING 


Twelfth Annual Pittsburgh Conference on Analytical Chemistry 
and Applied Spectroscopy 


Tue Twelfth Pittsburgh Conference on Analytical Chemistry and Applied Spectro- 
scopy will be held at the Penn—Sheraton Hotel in Pittsburgh, Pennsylvania, U.S.A., 
from February 27 to March 3, 1961. About 150 papers will be presented on all 
A symposium entitled 


phases of analytical chemistry and spectroscopy. 
Frontiers in Optics and Spectroscopy” will be sponsored jointly by the Pittsburgh 


Conference and the Optical Society of America. 

Original papers are invited on all phases of analytical chemistry, spectroscopy, 
and nucleonics applied to analysis. The final date for receipt of abstracts is 
October 15, 1960. Two abstracts should be submitted in triplicate. The first 
abstract should be limited to 150 words to be printed in the program. The second 
abstract should be of approximately 500 words to help the Program Committee 
evaluate and classify the paper. A letter sent with the abstracts should list the 
names of authors, laboratory in which the work was done and the current addresses 


of the authors. All correspondence should be addressed to: 
Dr. William F. Harris, Program Chairman 
The Twelfth Annual Pittsburgh Conference 
Research Laboratories 
Westinghouse Electric Corporation 
Pittsburgh 35, Pennsylvania, U.S.A. 


In addition to the program of technical papers, there will be an exhibition of the 
newest instrumentation for analysis. More than seventy-five companies will display 


instruments, chemicals and equipment. 
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Infra-red spectra of monoalkylbenzenes 


J.C. Hawkes and A. J. NEALE 
Nickell Laboratories, Monsanto Chemicals Ltd., Ruabon, Wrexham, N. Wales 


(Received 20 January 1960) 


Abstract—An empirical examination of the infra-red spectra of forty-two monoalkylbenzenes 
including six new compounds has been carried out. Separate treatment of the vibrations of the 
monosubstituted benzene ring and of the alkyl side chain along conventional lines has allowed 
an evaluation of the extent to which the infra-red spectrum is useful in determining side-chain 
structure. 


Introduction 


ALTHOUGH detailed consideration has been given to the interpretation of the 
vibrational spectra of paraffin hydrocarbons (alkanes) [1] ,very little information is 
available on the spectra of monoalkylbenzenes (phenylalkanes). McMurry and 
THORNTON [2], in a general survey of hydrocarbons, give a limited number of 
correlations for alkylbenzenes based on the spectra of twenty-eight compounds, but 
no details are recorded. Prves et al. [3] record the spectra of ten compounds which 
they use in analyses of mixtures obtained in the alkylation of benzene with 
derivatives of cyclopropane, but they do not attempt to discuss the spectra in 
detail. Gray et al. [4] and LENNEMANN et al. [5] discuss the use of the methylene 
rocking vibration near 720 cm~ in distinguishing the position of the pheny] ring in 
alkyl benzenes of the type, CH,(CH,),,CH(Ph)(CH,),,CH,, obtained in the alkylation 
of benzene with straight-chain «-olefines. A limited number of spectra are presented 
but no further discussion is attempted. Ports [6] deals with, and records, the 
effect of side-chain substitution on the frequency of the y~_, band near 750 em~! 
for a large number of monosubstituted benzenes. The usefulness of this band in 
indicating the degree of substitution of the z-carbon atom is stressed but no 
interpretation offered. 

As part of a programme concerned with the structure and properties of long- 
chain alkylbenzenes derived from commercial olefines, it was found necessary to 
examine the spectra of a variety of new compounds [7], and these, together with 
the spectra of known compounds [3—5, 8] have allowed an evaluation of the 
extent to which the empirical correlations used for paraffin hydrocarbons | 2] may 
be carried over and used in the determination of structure in monoalkylbenzenes. 


Experimental 
(a) Materials 


The syntheses of twelve of the monoalkylbenzenes examined here, including 


the six new compounds, have been described elsewhere |7a]. Of the remaining 


(1) N. Swerrarp and D. M. Simpson, Quart. Revs. (London) 4, 19 (1953). 

(2) H. L. McMurry and V. THorntron, Anal. Chem. 24, 318 (1952). 

(3) H. Pixes, W. D. HunstMan and V. N. [eatrerr, J. Am. Chem. Soc. 73, 4343 (1951); 75, 2311 (1953). 
4) F. W. Gray, J. F. Gerecur and I. J. Krems, J. Org. Chem. 20, 511 (1955). 

(5) W. L. Lennemany, R. D. Hires and V. I. Komarewsky, J. Org. Chem. 19, 463 (1954). 

16) W. J. Ports, Jr., Anal. Chem. 27, 1027 (1955). 

E. B. McCaut and E. R. Lynen, J. Chem. Soc, 1254 (1960). 

[7b] E. B. and G. P. Unpublished work. 

[8] Beacon Laboratory, Texas Oil Co. Report No. 70818E (1949). 
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compounds, 1-phenylhexane, 1-phenyl-3-methylpentane and 1-phenyl-4-methyl- 
pentane were available from a previous investigation [7b]. 4-Phenyldodecane, 
5-phenyldodecane and 2-phenyl-2-methylundecane were kindly supplied by 
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Fig. 1. Gas chromatogram of a liquid mixture of monoalkylbenzenes Column: 25 ft 
eat Embacel Mav & Baker Ltd imy regnated with 10 wiw silicone oil 
Temperature Sample siz 2 mg Eluting gas nitrogen, 15 ml/min, imput 
pressure 25 Ib/in*® (gauge Variation in conditions allowed complete separation of all the 


synthetic compounds 


Monsanto Chemical Company, and neo-pentylbenzene has been prepared by an 
adaptation of the method used for 1-phenyl-2:2-dimethyldecane. 

The purity of all these compounds was established by gas chromatography and 
except in the case of 1-phenyl-5-ethyldecane (85 per cent) and 1-phenyl-10- 
methylundecane (85 per cent), is estimated as at least 99-5 per cent. The equipment 
used for this purpose was constructed in this laboratory and is fitted with the 
Martin gas-density balance as detector. Good separations of isomeric hydrocarbons 
were effected as is illustrated by the chromatogram (Fig. 1) obtained with a 
synthetic mixture. 
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(b) Spectra 


The majority of the infrared spectra were obtained using a Grubb—Parsons 


$4 double-beam spectrometer equipped with a rock-salt prism. Standard 


absorption bands of ammonia vapour and polystyrene film were used to check the 
wavelength scale, and recorded values are accurate to at least 0-02 4. Computed 
spectral slit widths were 20 cm~' at 3 uw, 10 em~' at 5 vw, 6 em~ at 8 w, and 3 cm~ at 
15 uw. The materials were examined in the liquid state in cells of fixed path length 
0-008 em (7-5-10-5 w) and 0-0025cem having rock-salt end plates. Some high- 
resolution spectra were obtained using the Unicam SP100 and the Grubb—Parsons 
GS2 grating spectrometers. Nuclear magnetic resonance spectra were determined 
by Dr. N. SHerrarp at Cambridge. 


Results and discussion 

The complete theoretical analysis of the infrared absorption spectra of paraffin 
hydrocarbons and of monoalkylbenzenes is complicated by the existence, in the 
liquid state, of rotational isomers each possessing a different set of vibrational 
frequencies. SHEPPARD and Simpson [1] have emphasized this fact and con- 
sequently have pointed out that the best method of approach to the problem of 
structure in complex hydrocarbons is the empirical one involving the examination 
of a large number of related molecules. This approach has been adopted here, 
where the spectra of forty-two compounds have been examined, and it has been 
assumed at the outset that variations in the character of the hydrocarbon chain 
should have little effect on the vibrational modes of the aromatic ring. The 
reservation has been made that the carbon atom directly attached to the ring (the 
a-carbon atom) will affect the charge distribution within the ring with consequent 
small changes in the frequencies of its characteristic vibrations. In addition, 
deviations from the normal frequencies were expected for those alkyl groups 
directly attached to the «-carbon atom as the result of a reciprocal electrical 
effect or through mechanical coupling with ring vibrations. In applying this 
principle, extensive use has been made of the considerable data available on the 
vibrations of the paraffins [1] and of the detailed survey of the characteristic 
frequencies of substituted benzenes compiled by RanpLE and Wutrren [9, 10}. 
The compounds considered here have been classified and named with respect to 
the position of the benzene ring since this has a significant effect on certain features 
of the spectra. The classes of compounds are, 


H 
CH,—C 


Ph Ph Ph 
l-phenyl 2-pheny! x-phenyl z-phenyl-z- 
alkanes alkanes alkanes meth ylalkanes 


and the detailed structures of the alkyl chains in the individual compounds are 

[9] R. R. Ranpwe and D. H. Warren, Molecular Spectroscopy p. 111. Institute of Petroleum, London 
(1955). 

{10} D. H. Wutrren, Spectrochim. Acta 7, 253 (1955). 
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Table 1. Monoalkylbenzenes for which infra-red spectral data are available, together 


with absorption bands s« lected for special discussion 


Aromatic ring Alkyl! chaint tof 


‘ mpound 


1- Phenylalkanes 


CH, 3 1 
CHCH, 747 13-39 1) 772 12-04 ° 
CHY,CH, 745 13-42 (3) 7303 13-703 
CH CH(CH,)CH, 738 13-55 0 1 
) CH,),CH, 741 13-50 (4) § 3) 
(6) —CH,CH(CH,)CH,CH, 734 13-62 1) 772 12-95 [3] 
(7 CH,),CH 746 13-40 728 13-76 
CH,),CH(CH,)CH,CH, 743 13-45 2) 769¢ 13-0t ° 
CH,),CH(CH,)CH, 747 13-39 3) 13-53 
10 CH CH, 750 13-33 10) 725 13-80 11) 
11 CH,),C(CH,),CH, 746 13-41 7) 725 13-80 . 
12 CH,),CH 746 13-40 ll) 723 13-82 
CH,),CH(CH,CH,)(CH,),CH, 746 13-41 4) 7273 13-75 
1) 76097 13-03 
15 CH,),CH(CH,)CH, 746 13-40 9 13-83 


2-Phenylalkanes 


HCH, 
HCH,CH, 
H(CH,,CH, 
HCH(CH,)CH, 


H(CH,,CH, 


H(CH,), 


H(CH, 


H(CH,),¢CH, 760 13-15 10) 720 13-88 11) 


H(CH,),CH(CH,)CH, 
CH 


x-Phenylalkanes 


H,CHCH,CH, 
H,CH(CH,),CH, 


CH(CH,),CH, 


H(CH,),CH 


° 760 13-15 } 
CH(CH,),CH, 
,)-CH(CH,),CH, 
H(CH,),CH, 
,)sCH(CH,),CH, 


r-Pheny methylalkanes 


35) CH, —C(CH,)CH,CH, 761 13-13 (1) 12-80 [3} 
6) CH,CH, —C(CH,)CH,CH, 33 33 (1) > 3 
17) CH,—C(CH,)(CH,),CH, 765 13-08 (2) 13-48 
$8) CH,—C(CH,)(CH,),¢ H, 765 13-08 (5) 13-77 
(39) CH,—C/CH,)(CH,),CH, 765 13-08 (7) 13-82 ° 
(40) CH,—C(CH,)(CH,),CHyg 704 13-09 (8) 13-80 
(41) CH,(CH,),—C(CH,)(CH,),CH, 766 13-06 (2) 13-48 ° 
(6) 13-80 
(42) CH,—C(CH,)(CH,),CH(CH,) 764 13-09 — ° 
CH, C(CHs), - 


Footnotes and references on Pp 637. 
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16) CH, 761 13-13 0) 74l 13-48 11) 
17) 758 13-20 (1) 731 13-68 12 
18) CH, 760 13-15 2) 733 13-65 3) ae 
19) CH, ** ** (Oo [3] 
V Me 
: 20) CH,C i 763 13-10 3) 727 13-75 11) 16 
21) CH,CHC(CH,),CH, 781 12-90 0) - 12) 
« 
22) CH,C CH, 761 7) 723 13-82 
23) CH,CHD),CH, 761 «1313 (9) 723 13-82 
2 ( 2) 733 13-45 
‘ 26) CH, 755 013-25 1) +t +t 3) 
be 27) CH, 761 13-13 1) 730 13-70 3 
(2) 
28) CH, (CH 763 «13-10 (2) 732 13-65 
7) 725 13-81 
29) CH,(CH 739 13-53 
726 13-78 
0) CHC! 725 13-80 8) 
3 725 13-79 11 ] 
— 
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given in Table 1 where some spectral features selected for special discussion in the 
body of the paper are included for convenience. 


Aromatic ring vibrations 

A monosubstituted benzene ring C,H,;X should possess thirty fundamental 
modes of vibration and these may be divided [9] into twenty-three which are 
relatively insensitive to the nature of the substituent X, one which is infra-red 
inactive, and six which are sensitive to the nature of X. The usual sub-division of 
the X-insensitive vibrations into stretching and deformation vibrations may be 
made. 

Hydrogenic stretching vibrations. The characteristic absorption bands arising 


out of stretching motions of the hydrogen atoms attached to a benzene ring, which 
appear in the range 3100-3000 cm~, are well known and easily recognized. The 
poor resolution of rock salt in this region does not allow all of the five theoretically 


possible bands to be observed, but it has been found that a characteristic variation 
of the apparent relative intensities of the three bands at 3100, 3070 and 3040 em— 
is a useful indication of the degree of substitution of the x-carbon atom. In 
n-alkylbenzenes and all compounds with an unsubstituted «-carbon atom the 
3040 cm~! band is 1-7—1-8 times as intense as the 3070 em band. A single alkyl 


substituent on the z-carbon atom, as in 2-phenylalkanes and compounds of the 


general type, C,,—CH(Ph)—C,, leads to a slight reduction in this ratio. whilst 
with further alkyl substitution, C,,—C(CH,)(Ph)—C,, the bands are of approxi- 
mately equal intensity. The correlation is independent of the degree of branching 
at the other carbon atoms of the alkyl chain. 


Hydrogenic deformation vibrations. The remaining X-insensitive vibrations of 
the aromatic ring have been dealt with in detail by RanpLe and WuHirreN [9] and 
in the majority of the compounds examined here the assignment of bands to 


particular vibration modes is easily made. This is illustrated in Table 2 for a 


selected group of alkyl benzenes. 


The vibrational modes which involve essentially a stretching motion of the 


C—C bonds of the ring (v in Table 2) give rise to characteristically sharp 
absorption bands which are readily picked out when they are clear of the absorption 
bands due to alkyl groups. They are of little value for structural determinations 


and will not be dealt with further. The bands arising out of vibrations involving 


deformation of the ring hydrogen atoms, however, show variations which are of 


value in a further assessment of «-carbon structure. 


The out-of-plane y_¢y deformation vibrations. The most intense and character- 


istic of the y_¢y absorption bands is the well-known umbrella vibration near 


750 em~™ in which deformation of all the CH bands occurs in phase. Generally 


* This work. 
} The figures in parentheses under the column heading (CH,)r denote the number of ( H, groups directly linked. 
¢ These bands are shoulders on the strong aromatic absorption bands in this region. 
§ No band is distinguishable in this region in the published spectrum, 
** 2-pheny!-3-methylbutane has three bands, at 769, 752, 735 em=. 
Tt 3-pheny!pentane has three bands, at 781, 755, 731 em=. 
tt 3-phenyl-3-methylpentane has three bands, at 769, 760, 750 em=, 
[11] Documentation of Molecular Spectroscopy. Butterworths, London (1946). 
{12} B. B. Corson, H, E, G. R. Arwoon, W. J. Hewtzetman and W. L. Remy J. Org 


Chem. 21, 584 (1956). 
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this band is prominent and readily assigned, and, in fact, in only one case amongst 
the forty-two compounds examined (1-phenyl-2:2-dimethyldecane) has difficulty 
been experienced. The remaining four vibrations of this type give rise to much less 
intense bands whose frequencies, although they fall within the expected range [9], 
are best determined through the use of the summation bands which occur in the 
region 2000-1650 em-!. These summation bands are well known to be characteristic 


Table 2. Absorption bands assigned to the aromatic ring in monoalkylbenzenes: 
X-insensitive vibrations 


Average* Observed bands (em!) 
n- 
frequency 
) (11) (13) (22) (38) (39) 


(om 


697 698 ye 699 699 698 701 7 700 700 
751 5; ‘ 746 { 747 745 745 762 765 765 765 
837 S41 S41 S41 S41 S41 s 838 838 
908 905 { 905 905 907 907 903 903 
962 iy 962 962 963 962 965 962 
980 977 976 OS 980 979 

100] 1002 1005 1002 1002 100] 999 1001 

1029 58 1031 1029 1030) : 1038 

1072 4 1076 1066 1067 1068 1066 1075 1074 75 1078 

1156 55 1156 1156 1155 1155 1156 1156 1156 ‘ 1157 

1177 1179 1182 118] 1183 1181 1182 1183 

1240 B 1247 12472 1245 1241 tT 1248 1247 §§ §§ 

1324 

1387 

451 

1499 Tv 1493 1502 1497 1497 1493 1495 1499 1497 

1588 Gy 1585 1590 1587 1590 1587 1587 1587 1585 

1606 Tv 1603 1613 1610 1610 1603 1608 1610 1605 


* RanpLe and [9). 

+ Compound numbers are those given in Table 1. 

* Shoulders 

§ Two bands appear in this region. ** The weak y-cy bands are obscured. 


*+ The weak f-cn band is obscured by tert-butyl absorption. 


** No band observed in this region for 2-phenyl-2-methyl compounds (see text), 


$$ The weak 6 CH band is obscured. 


The aromatic ring absorption is obscured by the strong alkyl chain absorption in this region. 


of the pattern of substitution of the benzene ring ({13], [14] p.67) and recently 
WutrreEN [10] has shown that these may be interpreted as summation tones of the 
en Vibrations. A very useful check on the assignments is thus available and 
the way in which this has been used for monoalkylbenzenes is illustrated in Table 3. 
The weak bands of this series show little variation as the character of the 
alky! chain is altered and have not been studied further. Variations in the umbrella 
frequency, however, are such as to be of considerable value in judging the degree of 
substitution of the «- and f-carbon atoms of the alkyl chain. The regular increase 
in the frequency of this band with increased substitution at the «-carbon atom [6] 


13) C. W. Youne, R. B. Duvaut and N. Wrieut, Anal. Chem. 23, 709 (1951). 
(14) L. J. Bettamy, Infra-red Spectra of Complex Molecules. Methuen, London (1958). 
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is verified here for all compounds (the frequencies of the y_¢q vibrations are 
listed in Table 1) except 1-phenyl-2:2-dimethyldecane* which is doubly substituted 
at the f-carbon atom.t The pattern of absorption bands for this latter compound 
in the region 769-690 cm—! (13-14-5 uw) is quite abnormal. Absorption bands are 


observed at 773 (12-94 722 em~ (13-85 and 702 em~ (14-25 and of 


Table 3. The assignment of y_cyq vibrations: illustrating the use of the summation bands at 
2000-1650 


Compound : (11) (38) y (14) (43) 


Fundamental (b) (a) (b) 
745 765 762 2 773 719 771 
841 838 841 845 
905 903 907 917 
962 965 962 966 
977 980 (980) 980 


Summation Bands 

f+q calc. 1586 1586 1602 1603 1566 1617 1564 1616 
obs. - - 
cale. 1651 1650 1667 1669 1623 1674 1636 1688 
obs. 1658 1656 1669 1669 1684 1684 1689 1689 
cale. 1746 1746 1741 1748 1745 1762 
obs. 1745 1745 1742 1745 1751 1761 
cale. 1803 1803 1803 1803 1810 1811 
obs. 1799 1799 1799 1802 1805 1805 
cale. 1866 1867 1868 1869 1867 1883 
obs. 1873 1873 1873 1876 1883 1883 
cale. 1942 1939 1945 1942 1944 1946 
obs. 1946 1949 1946 1949 1949 1946 


(12) 1-Phenyldodecane. (11) 1-Phenyl-8:8-dimethylnonane. 
(38) 2-Phenyl-2-methyloctane. (22) 2-Phenyldecane. 
(14) 1-Phenyl-2:2-dimethyldecane. (43) Neo-Pentylbenzene. 


these the 702 cm~! is undoubtedly that due to the out-of-plane ring deformation 
vibration (¢ in Table 2). The remaining bands are not obviously assigned, however, 
since neither is appropriate to the y_¢y band of an alkylbenzene with an un- 
substituted «-carbon atom. By using the summation bands, the ambiguity is 
removed (compound (14), Table 3) and a clear preference for the 773 cm~ band 
revealed. Verification of this assignment was sought and found in the spectrum of 
the fully-hydrogenated 1-cyclohexy!-2:2-dimethyldecane [7] where the 773 and 
the 702 cm~! bands disappear completely and a single band at 722 cm~ (methylene 
rocking vibration) is retained. 


* The authenticity of this compound has been established by the use of two independent synthetic 
routes 

+ Note added in proof: We have recently obtained the spectrum of neo-pentylbenzene which is also 
doubly substituted at the f-carbon atom. A similar pattern of absorption bands is observed (compound 
(43) in Table 3) and a similar displacement of the umbrella frequency to 771 em~*. 
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It has been recognised | 15, 16] that both the mass and the electrical effects of the 
group X attached to the benzene ring must modify the frequency of the umbrella 
vibration. Amongst the monoalkylbenzenes, however, the mass of the alkyl 
chain though varying considerably amongst compounds of a given class, does not 
disturb the general observation that increased alkylation at the a-carbon atom 
leads to a higher frequency. It is remarkable that this trend is in the direction of 
increasing electron attraction in the order Me < Et < Pr’ < Bu’, but a similar 
sequence has been reported [17] for the effects of alkyl groups on the out-of-plane 
vibrations of 1:3- and 1:3:5-substituted aromatic compounds. The additional 
displacement of the band which takes place for compounds (14) and (21) having 
doubly methylated f-carbon atoms, may find its explanation in recent suggestions 
[18] that the neo-pentyl group is able to exert electrical effects which are superior 
to that of the tert-buty] group. 

The in-plane B_cy deformation vibrations. These vibrations give rise to absorp- 
tion bands in the 1250-1000 em~! (8-0—-10-0 «) range. They are listed in Table 2 for 
some alkylbenzenes and are easily recognized in the spectra even when the bands 
are weak. The most characteristic of these are those which appear near 1075 em~ 
(9-3 4) and 1031 em~ (9-7 4) whose frequencies seem to be completely independent 
of the character of the attached alkyl chain.* Some variation in the intensity of the 
bands has been observed particularly for those compounds (designated x-pheny]l- 
alkanes Table 1)in which the benzene ring takes up an internal position ina long alkyl 
chain as for example in 4- and 5-phenyldodecane, but no detailed investigation of 
the effect has been carried out. The weaker bands at 1183 em~' (8-45 ~) and 
1156 em~ (8-65 ~) are no less characteristic and readily observed in the large 


majority of compounds and it is considered significant, in compounds belonging to 
the 2-phenyl-2-methy! class, (CH;),C(Ph)—, that there is a noticable absence of 
a band at 1183 (8-45 Moreover, it is evident that in such compounds, 


a characteristic doublet appears near 1198 cm~! (8-35 4). No other compounds 
show this effect and it is possible that it arises out of a displacement of the /_oy 
band normally at 1183 em~! which is superimposed on the band due to the skeletal 
vibration of the grouping 


(quaternary carbon atom [1]) expected to occur in this region. Detailed discussion 
of such skeletal vibrations is deferred to a later section. 

X-sensitive vibrations. Only one of the six possible vibrations which are 
sensitive to the nature of X falls in a region where it might cause confusion with 


* Compare | 1%). 

15) M. Marcosues and V. A. Fasser, Spectrochim. Acta 7, 14 (1955). 

16| M.-L. Josre~ and J. M. Lepas, Bull. soc. chim. France 62 (1956); ¢ ompt. re nd, 240, 181 (1955). 

171 L. J.. J. Chem. Soc, 2818 (1955). 

18) W. M. Scuvupert and J. Rosrys, J. Am. Chem. Soc. 80 559 (1958); W. M. Scuusert, J. M. CRAVEN, 
R. G. Mrstron and R. B. Murpny, Tetrahedron §, 194 (1959). 

[19] A. R. Karrirzxy and J. Lacowsk1, J. Chem. Soc. 4155 (1958). 
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bands which are to be assigned to the vibrations of atoms in the alkyl chain. This 
particular vibration involves stretching of the C—X bond and in toluene is observed 
[9] at 1210 em~! (8-26 w). A band at this position appears with isopropyl benzene, 
is obscured by the strong absorption due to the tert-butyl group in tert-butyl 
benzene, but is not present in the ethylbenzene spectrum. In the long-chain 
alkylbenzenes no band appears at or close to 1210 em~!; in view of the increased 
mass of the chain it might be expected to lie at lower frequencies but no band has 


obvious claims to assignment. 


Alkyl chain vibrations 

The infra-red absorption bands of monoalkylbenzenes which are to be associated 
with the vibrations of ring atoms are in positions which are just those expected on 
the basis that the benzene ring and the attached alkyl chain behave as independent, 
uncoupled entities. Modifications of the frequencies of these bands is generally 
small but often characteristic, and arises out of the mass, steric or electrical effects 
of the attached chain, conditioned by the degree of substitution of the «- and 
f-carbon atoms. The remaining absorption bands are connected with the vibrations 
of the atoms composing the alkyl chain and these have been treated empirically 
by direct comparison with the data available on paraffin hydrocarbons [1]. 

A complete systematic treatment of the alky! chain vibrations in terms of all 
the possible stretching and deformation motions of the atoms is possible but our 
observations are here confined to those features which have been found of value 
with respect to the structure of the chain. 

Internal deformation vibrations of CH, groups. The symmetrical deformation 
vibration of the hydrogen atoms of an isolated group attached to a heavy framework 
which gives rise to an infra-red absorption band near 1380 cm~ is well known. 
In paraffin hydrocarbons the band undergoes a characteristic splitting when more 
than one methyl group is attached to the same carbon atom, and this allows a 
distinction to be made between isolated methyl groups, gem-dimethyl groups (or 
isopropyl groups), and tert-butyl groups. An exactly similar situation applies to 
the alkyl] chain in monoalkylbenzenes. In every case examined the bands occur at 
the same frequencies as those observed for the paraffins and these are independent 
of the relative positions of the benzene ring and the methylated carbon atom. 
Thus, 2-phenyl-2-methylalkanes (Ph-C(CH,),—) behave in the same way as 
1-phenyl-2:2-dimethylalkanes (Ph-CH,-C(CH,),—) and the absorption of the 
isolated methyl group, the isopropyl group and the tert-butyl group is independent 
of whether the groups are directly attached to the ring (toluene, isopropyl benzene, 
tert-butylbenzene), or are separated from it by one or more saturated carbon atoms. 
An instructive example is provided by 2-phenyl-2-methyl-5:7:7-trimethyloctane (1) 


which possesses three types of methylated carbon 


CH, 


CH, 


Ph—C—CH,—CH,—CH—CH,—C—CH, 


CH, CH, CH, 


(I) 
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atoms. All of these give rise, under high resolution, to the expected [1] absorption 
bands at 1395 (7-17 1385 (7-22 4), 1377 em™ (7-26 1364 
(7-33 u). The appearance of multiple absorption in this region has been found to 


be of considerable value in assessing the structure of alkylbenzenes. 

The external methylene rocking (CH,)r vibration. A considerable amount of 
work ({1, 20], [14] p. 26) has gone into the investigation of the band between 
770 and 720 em~! which appears in the spectra of paraffins possessing an extended 
methylene chain (CH,), with » > 3. The band arises from a rocking mode of the 


n 


Frequency, 


Chain length 


Fig. 2. The relation between the frequency of the methylene rocking vibration and the 
length of the methylene chain (CH,), in monoalkylbenzenes, 


CH, group [21] and it shows a progressive fall in frequency as the number of 
methylene groups is increased from one (770 cm~') to two (740 em~') and beyond, 
approaching a constant value at 720cm~. It has been suggested [2] that the 
methylene chain must terminate at one or both ends with a CH, group but 
BORNSTEIN [22] has shown that it is applicable to a large number of compounds 
having cyclohexyl end groups. Generally there is a gradual shift towards lower 
frequencies as the number of methylene groups is increased but there are deviations 
from this rule and the band must be used with caution in assessing the length of 
methylene chains ({14] p. 28). 

The band is considerably less reliable in its application to monoalkylbenzenes. 
It is flanked by two strong bands near 750 em™=! (y_,-_) and 700 em~ (¢_,,.) due to 
the aromatic ring but this only leads to difficulty in a few of the cases examined 
where only a shoulder is observed. The frequencies of bands appearing in the 
region of the (CH,)r vibration are given, where possible, for all compounds in 
Table | and the relation between frequency and chain length illustrated in Fig. 2. 
It is clear that there are a number of anomalies. First, the band appears in a 
single compound, isopropylbenzene, which does not possess a methylene group. 


Wetssspurcer, Chemical Applications of Spectroscopy p. 344. Interscience, New York (1956). 
‘+. SHEPPARD and G. B. B. M. Surmertanp, Nature 199, 739 (1947); A. Vattance Jones and 

B. B. M. Jhid. 160, 567 (1949). 

Bornstein, Anal, Chem. 25, 512 (1953). 
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The purity of this compound has been checked by gas-phase chromatography in 
this work, and in other work [11] is stated to have a purity of 99-995 per cent, so 
that there can be little doubt about the observation. It is further significant that 
only weak absorption is observable at the same frequency (740 em) in isopropyl- 


cyclohexane [11]. Another case of this type is provided by 2-phenyl-5:7:7- 
trimethyloctane (II) which has an absorption band at 730 em~ which disappears 


CH, 


Ph—CH—CH,CH,—CH—CH,—C—CH, 


(IT) 


when the ring is hydrogenated. Further, there are a large number of compounds 
where the bands appear at frequencies widely different from those expected on the 


basis of a smooth variation of frequency with chain length (for example, 2-phenyl- 
butane, 1-phenyl-3-methylpentane, 3-phenylhexane). In other cases multiple 
absorption occurs in this region (3-phenylpentane, 3-phenyl-3-methylpentane, 
2-phenyl-3-methylbutane), and throws doubt on the idea that methylene chains of 
different length should give rise to bands at different frequencies (this would be 
useful [4, 5] in judging the position of the phenyl ring in compounds of the type 
CH,(CH,),,CH(Ph)(CH,),CH,). In the cases examined in this work (4- and 
5-phenyldodecane, 4-phenyl-4-methyl-undecane) the doublet is observed and is 
retained in the last case on complete hydrogenation. The frequencies of absorption 


do not, however, correlate well with the chain length. 
The reason for these anomalies is not very clear. The corresponding cyclo- 


hexanes are not available in every case, but as far as can be judged the additional 
bands are connected with the presence of the benzene ring. One possible explana- 
tion is suggested by the recent work of La Lav [23] who observed complex 
absorption in the region of the para-band at 780-850 em~ in long-chain p-dialky]- 
benzenes. This is evidently due to the existence of different rotational isomers 


each possessing a different para-band since in the crystalline state only a single 


band appears. Such an explanation is not acceptable in all cases,* however, and 


in its application to structure in alkylbenzenes, the methylene rocking vibration 
observed in the liquid state may be used only in the negative sense that the absence 
of a band most likely means that extended methylene chains are absent. 

Skeletal vibrations. Empirical [1] and theoretical [24] investigations of the 
parafiin hydrocarbons have shown that certain branched structures possess 
skeletal vibrational modes which give rise to characteristic absorption bands. 
A number of alkylbenzenes possessing these structures have been examined and, 
although the correlations for the isopropyl and tert-butyl groups are retained, the 


* In the case of isopropyl benzene, Dr. N. Suerrarp has pointed out that a very strong Raman line 
occurs at 734 em~' which, on the basis of its intensity, corresponds to the skeletal modes near 810-820 
em™~' in singly branched alkyl chains. He considers that this vibration is probably the origin of the 


medium-strength infra-red band at 741 em~'. 


[23] C. La Lav, J. phys. radium 15, 497 (1954). 
24) D. M. Simpson and G. B. B. M. Surmertanp, Proc. Roy. Soc. (London) A 199, 169 (1949). 
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results show that in a significant number of compounds the internal tertiary 


CH, 


carbon atom, C—CHC does not give rise to the expected absorption. 

The isopropyl and tert-butyl groups. The frequencies assigned to the isopropyl 
and tert-butyl groups are collected in Table 4. These have been assigned on the 
basis of their outstanding intensity (no strong bands due to the benzene ring 
oceur in this region) and by analogy with the values reported for the paraffins. 
The data are limited but several points may be noted. Firstly, in the case of 
isopropylbenzene there is no strong band in the expected position at 1170 em~' 
Table 4. Characteristic skeletal frequencies for the isopropyl and tert-butyl groups 

in monoalkylbenzenes 


Compound Characteristic frequencies 

(em?) (em™!) 
(16) PhCH(CHs,), L183 S45 1144 8-75 
(4) PhCH, Hit 1170 8-55 
(9) Ph(CH,),CH(CHs,), 1170 8-55 
(15) Ph(CH,),CH(CH,), 1170 8-55 
(34) PhC(CH,), 272 7:86 1206 8-29 
(43) PhCH,C(CHsg), 1235 8-10 1198 8-35 
(21) PhCH(CH,)C(CH,), (1235)* (8-10)* (1220) (8-20) 
(11) Ph(CH,),C(CH,), 1250 8-00 (1209)+ (8-27)t 
(25) PhCH(CH,)(CH,),CH(CH,)CH,C(CHs), 1248 8-01 (1202)+ (8-32)t 
(42) 1248 (1202)+ (8-32)? 


* Four bands appear at 1235 em" (8-10 «), 1224 (8-17), 1200 (8-33) and 1183 (8-45) 
+ An X-sensitive ring vibration is expected in this region 


(8:55 uw): the band at 1212 cm~' (8-25 4) has been assigned as an X-sensitive 
vibration and both of the bands near 1183 em~ (8-45 w) and 1156 em™~! (8-65 yz) 
are §_¢, bands. It is possible that the appropriate band lies at 1183 em~', which 
is slightly more intense than is normal for f_¢y, and that both the intensity and 
the frequency have been perturbed by the direct attachment of the group to the 
benzene ring. Normal bands of the correct intensity and frequency are observed 
for the remaining compounds where a particular feature of interest is the appearance 
of the weak S_¢, bands as shoulders on the side of the much stronger skeletal 
hand. Secondly, there is no sign of the second band assigned to the isopropyl group 
at 1143 em~' (8-75 w) in the longer-chain alkylbenzenes. Thirdly, there is a 
perturbation of the characteristic frequencies of the tert-butyl group when it is 
directly attached to the ring although no decrease in intensity is observed. 
Branching near the tert-butyl group leads, in the compound 2-pheny!-3:3- 
dimethylbutane, to multiplet splitting in the region and the appearance of four 
bands presumably as the result of vibrational coupling between the skeletal 
vibrations of the adjacent branched structures. The suggestion [25] that the band 
correlations for the tert-butyl group really apply to the neo-pentyl group receives 
no support from these observations. Lastly, it may be significant that the band 


25) L. Booe and J. Kunst, Spectrochim, Acta Suppl. p. 568 (1957). 
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near 1200 cm listed in the table for the tert-butyl group always accompanies the 
1250 em~ band, but in view of the possibility that an X-sensitive ring vibration 
may occur near 1200 cm~'! it cannot be regarded as a concrete correlation. 

The internal tertiary carbon atom. Corresponding to the 1170 em~! band of the 
isopropyl! group, a band of nearly constant frequency near 1155 em~! (8-66 w) has 
previously been found consistently in the spectra of paraffins containing an 
internal tertiary carbon atom. The band is prominent, and though it shows some 
evidence of splitting, it has previously provided the most useful means of recognizing 
such a grouping. It has now been shown that the correlation is completely 
unreliable in its application to monoalkylbenzenes and has only limited applic- 
ability to paraffin hydrocarbons. Four alkylbenzenes which possess an internal 
tertiary carbon atom have been examined, 2-phenyl-2-methyl-5:7:7-trimethyl- 
octane (1)*, 2-phenyl-5:7:7-trimethyloctane (I1)*, 1-phenyl-3-methyl-pentane (IIT) 
and 1-phenyl-2-methyl-butane (LV), and in only one case (IIL) does the band appear. 
Moreover, it has been shown that the band is not present in the spectra of the 


Ph-CH,-CH,CH-CH,CH, Ph-CH,—CH—CH, 


CH, CH, 
(IIT) (IV) 


paraffin hydrocarbons 2:2:4:9:11:11-hexamethyldodecane (V) and appears only as 
a weak band on the side of the isopropyl band in squalane (VI). An independent 
check on the structure of the compounds (1), (II), (V) has been obtained through 


(CH,),C-CH,-CH(CH,),CHCH,C(CH,), 


CH, CH, 


(V) 


(CH,),CH(CH,),CH(CH,),CH—CH,CH, | 


CH, 
(VI) 


CH, 


the n.m.r. spectra. In these, the resonance due to the internal methyl groups 
appears as a doublet at the base of the strong tert-butyl band as the result of 
interaction of the hydrogen nuclei of the CH, group with the lone hydrogen on the 


same carbon atom. 

On the basis of the theoretical treatment of skeletal vibrations [24] it is 
difficult to justify the fugitive behaviour of this band when, as would seem to be 
the case in the above examples, the chains are terminated by bulky substituents 
(phenyl, isopropyl, tert-butyl) since such substituents would not be expected to 
modify the frequency of vibration through a pure mass effect. As in the case of the 
methylene rocking vibration, it is thought possible in the case of both paraffins and 
alkylbenzenes, that the anomalies are connected with the existence of rotational 
isomers, and that, in the particular case of alkylbenzenes, there is an additional 


* The structure of compounds (I) and (II) have been proven chemically, see [7]. 
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effect due to the direct polarization of the alkyl chain when it overhangs the 
benzene ring | 18]. In there is a weak band at 
1156 em~! not present in other cyclohexy! derivatives and this may lend support to 
the latter view. 

Internal quaternary carbon atoms. The difficulties associated with the use of 
skeletal frequencies in the structural analysis of alkylbenzenes is further emphasized 
when the correlations for fully substituted carbon atoms are examined. In the 
first place, it is recognized that the 1210 em~! (8-26 ~) band is variable even in the 
paraftins. In the alkylbenzenes this observation must go along with the known 
variable behaviour of both the 1210 em~ band of the tert-butyl group and the 
1210 cm~! X-sensitive aromatic ring vibration. Further, in alkylbenzenes there 
are two possible types of fully substituted atoms, those attached directly to the 
ring and those within the alkyl chain. Data are limited but are such as to indicate 
that these are likely to show considerable variation in the absorption appearing 
in the 1250-1111 em (8-0-9-0 w) region. The characteristic band reported for 


CH, CH, 


CH,—C—(CH,),CH, (CH,),CH, 
CH, 


A 


(14) (39) 


1183 1198 


8-45 8°35 


CH, CH, 


CH,CH,—C—CH,CH, CH,(CH,),—C—(CH,),—CH, 


(36) (41) 
1156 em" 
8-65 7 


1156 
8-65 


paraffins is at 1190 em~! (8-40 ~) but the only strong bands (in addition to the 
weak #_¢, bands) in this region for compounds (36) and (41) differ significantly 
from this value, and are in positions likely to cause confusion with the internal 
tertiary carbon atom. The band given for 1-phenyl-2:2-dimethyldecane (14) is 
close to the paraffin frequency but it is of low intensity and doubtful validity. 
Only in the case of the 2-phenyl-2-methyl-alkanes (39) does there seem to be a 
characteristic absorption band at 1198 cm~! which appears consistently as a 
doublet and which may be of value as a means of distinguishing this class of 
compound. 
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Conclusions 


It has become clear that some of the correlations which have been shown to be 
useful in the structural analysis of paraffin hydrocarbons must be used with 
considerable caution in their application to the side chain of monoalkylbenzenes. A 
great many of the difficulties in interpretation are undoubtedly to be associated 
with the rotational freedom of the alkyl chain. Consequently it is expected that 
valuable information would result from investigations of the crystalline state. 
Preliminary experiments, which we hope to extend, with 1-phenyldodecane have 
shown that a pronounced sharpening of the whole spectrum takes place. In the 
liquid state there can be little doubt that completely unambiguous structural 
determinations can come only from the use of other physical methods in conjunction 
with the infra-red spectra. 
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Fig. 5. 1-Phenyl-8:8-dimethylnonane, Ph(CH,),;C(CH,),CHs. 
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a 5 6 
Fig. 8. 1-Phenyl-2:2-dimethyldecane, Ph CH,C(CH,),(CH,) 


Fig. 9. 1-Phenyl-10 methylundecane, Ph (CH,) ,CH(CH,)CHs. 


Fig. 10. isoPropyl benzene, CH,CH(¢ 
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Fig. 11. 2-Phenyldecane, CH,—CH(CH,),CH,. 


2, 2-Phenyldodecane, CH, CH(CH, o' H,. 


3. 2 Phenyl 5:7:7-trimethyloctane, CH, (CH,),CH(CH,)CH,4 (CH,),CH. 
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Ph 


Fig. 16. 2-Phenyl-2-methylpropane (tert-butylbenzene), CH,—C(¢ 
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Fig. 20. 2-Phenyl-2-methylundecane, CH,—C(CH,)(CH,) ¢f H,. 


Fig. 21. 4-Phenyl-4-methylundecane, CH,(CH,),C(CH,) CH. 
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Fig. 22. 2-Phenyl-2-methyl-5:7:7 trimethyloctane, 
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The Raman spectrum and structure of 
tetrakistrifluorophosphine nickel* 


L. A. Woopwarp and J. R. Hai 


Inorganic Chemistry Laboratory, University of Oxford 


Abstract—The Raman spectrum of liquid tetrakistrifluorophosphine nickel Nit PF), is reported 
and an assignment of the observed frequencies is proposed on the basis of a regular tetrahedral 


arrangement of the ligands around the central metal atom (point group T',). The three frequen- 
1 


cies of the totally symmetric modes, ry 954 cm™! (mainly P—F stretching), vr, 534 em 


(mainly PF, “umbrella” deformation) and yr, 195cem™! (mainly Ni—P stretching), are 


recognizable with certainty by their high degree of polarization. Simple valency force constants 


are calculated from them by the /G-matrix method, using a relaxation technique. The stretching 


force constant of the Ni—P bond is found to be 2-71 10” dyn/em, which is approximately the 


same as that of the Ni—C bond in Ni(CO),. The nature of these bonds is discussed. 


Stupy of the vibrational spectra of zero-valent nickel compounds may be expected 
to throw light upon the interesting question of the nature of the bonds between 
the ligands and the metal atom. Up to the present the only zero-valent nickel 


compound investigated in this way appears to be nickel carbonyl, Ni(CO),, where 
the value found |1| for the Ni—C stretching force constant seems remarkably low 


in view of other evidence suggesting that the linkage has appreciable double-bond 
character. With the object of obtaining further information of a similar nature we 
have now investigated the analogous tetrakistrifluorophosphine nickel, Ni(PF,),, 
which is a stable and colourless liquid (b.p. 70-7°C) and so can be conveniently 
studied by the Raman effect method. A brief note on some of the results obtained 


2? | 


has already appeared 
Experimental 
1. Preparation and purification of Nil PFs), 


The corresponding trichlorophosphine compound was first prepared by re- 
fluxing a mixture of nickel carbonyl and phosphorus trichloride according to the 
method of Invinr and WILKryson [3]. The resulting yellow solid, Ni(PCI,),, was 
isolated and recrystallized from pentane. A quantity of it was sealed in a Pyrex 
tube along with an excess of phosphorus trifluoride and heated at 100°C for 24 hr 
[4]. The tube was then opened and the reaction products transferred to a vacuum 


system, where excess PF, was removed. The residue formed two liquid layers on 
melting: the lower one was mainly Ni(PF,), and the upper mainly PCl,. Owing to 
the closeness of the boiling points of the two compounds, the phosphorus trichloride 
could not be removed by distillation. Removal by fractional crystallization was 


* Presented at the Bologna meeting of the European Molecular Spectroscopy Group, September 1959; 
manuscript received January 1960. 


[1] B. L. Crawrorp and P. C. Cross, J. Chem. Phys. 6, 525 (1938). 
(2 L. A. Woopwakrp and J. R. Harr, Nature 181. S31 (1958), 

J. W. Invive and G. Witxkrnson, Science 118, 742 (1951). 
[4] G. Wrixrxson, J. Am. Chem. Soc. 73, 5501 (1951). 
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also found to be impracticable, and so the lower layer was merely run off from a 
separating funnel. A middle fraction of the colourless liquid so obtained was 
distilled in vacuo into the Raman cell and its spectrum photographed. 

The spectrum showed, in addition to features due to Ni(PF,),, a weak line at 
Av = 257 cm™~. As this is one of the strongest frequencies of PC1,, it was concluded 
that the product probably contained some phosphorus trichloride, other lines to be 
expected for this impurity being masked by lines belonging to Ni(PF,),. In order 
to eliminate possible confusion, it was decided to remove phosphorus trichloride 


from the product by a chemical method. 

To this end the liquid was transferred in vacuo to an all-Pyrex system where it 
was treated in a stream of pure nitrogen with successive quantities of antimony 
trifluoride in presence of a trace of antimony pentachloride, the temperature being 
raised slowly to 45°C during the reaction. This fluorination converted the PCI, to 
volatile PF;, which appeared as bubbles and was largely swept away. Finally the 
nitrogen stream was stopped, the product cooled to —80°C and the last traces of 
PF, (b.p. —101°C) removed by pumping. 

A middle fraction of the resulting liquid product, obtained by distillation in 
vacuo, was colourless but showed a faint white mistiness which was likely to 
impair the quality of the Raman spectra by causing excessive scattering of the 
primary radiation. After unsuccessful attempts to get rid of this mistiness by 
distillation in a carefully dried glass apparatus, it was finally almost entirely 
removed by filtering into the Raman vessel through a fine glass sinter with the aid 


of a pressure of pure nitrogen. 

The Raman spectra then obtained were of good quality and showed no trace of 
the line at 257 em~', showing that this had indeed been due to traces of PC], which 
had been successfully removed by the fluorination treatment. 


2. Raman spectra 


The apparatus used (Toronto are excitation, Hilger E 518 spectrograph) has 
been previously described [5]. The volume of the sample was approximately 
0-75 ml, the upper part of the 1 ml Raman tube being “blacked out” to just below 
the liquid miniscus. The principal exciting line was Hg 4358 A. Primary lines of 


lower wave-length were suppressed by a filter of saturated sodium nitrite solution. 
Qualitative information on the states of polarization of the Raman lines was 
obtained by the method of polarized incident light, i.e. successive exposures were 
taken with cylinders of polaroid surrounding the Raman tube, their directions of 
polarization being, respectively, perpendicular and parallel to the tube axis. The 
{aman frequencies Avy were measured in the usual manner with a Cu are spectrum 
as reference standard. The estimated limits of error are +2 cm~ for strong sharp 
lines: for weak or diffuse features the errors may be larger. 


The outstanding features of the Raman spectrum (see Fig. 1, upper microphotom- 
eter trace) are eight intense lines: a pair at 954 and 851; a pair at 534 and 505; a 


[5] J. A. Roure and L. A. Woopwarp, Trans. Faraday Soc. 50, 1030 (1954). 
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broader line centred at 385; a very strong pair at 219 and 195; and a broad one at 
approximately 54cm~'. The last appears on the microphotometer traces of Fig. 1 
merely as a slight shoulder on the Stokes side of the exciting mercury line; but it 
can be distinguished clearly by visual examination of the original plates, especially 
those with the shorter exposure times. 

Fig. 1 shows microphotometer traces of a pair of spectra taken with polarized 
incident light. The conditions for both were identical except that the direction of 


Fig. 1. Microphotometer traces of a pair of Raman spectra of Ni(PF,), taken with polarized 
incident light. Upper trace: electric vector perpendicular to Raman tube axis. Lower 
trace: electric vector parallel] to the tube axis. 


(electric vector) polarization of the polaroid cylinder surrounding the Raman tube 
was perpendicular to the tube axis for the upper one and parallel to the tube 
axis for the lower. Comparison of the two traces shows very clearly that one 
Raman line of each of the three pairs mentioned above is very highly polarized, 
the other being highly depolarized. It is evident that the value of the degrees of 
depolarization p of the three highly polarized lines must all be practically zero, the 
fact that they do not disappear completely in the lower trace being due of course 
to the lack of “ideality” of the efficient “light-furnace”’ type of Raman source used. 
The broad features at 385 and 54 cm~ are seen to be depolarized. 

In addition to the eight lines already listed, visual examination of a range of 
plates with different exposure times revealed the presence of the following feeble 
features: a weak line 126 cm~', probably polarized, though its intensity is too low 
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for this to be concluded with certainty; very weak lines at approximately 332 and 
561 cm~', states of polarization unknown; and lastly a rather weak, broad line, 
probably depolarized, with its centre at 883 em~!. 


Vibrational assignments 


The NiC, skeleton of Ni(CO), has been shown [6, 7] to be regular tetrahedral. 
With PF, in place of CO as ligand a similar arrangement of Ni—P bonds may be 
assumed, The Ni(PF;), molecule will thus be expected to have the same symmetry 
as (say) neopentane C(CH,), and to belong to the point group 7',. This being so, 
it will have nineteen distinct fundamental frequencies: [ = 3A, + A, + 4E 
4F, + 7F,. The species A,, E and F, will be active in the Raman effect, so that 
fourteen lines will be permitted. All the Raman lines will be depolarized (p = $) 
with the exception of the three of class A, (totally symmetric): these will have 
p = 0 and will be expected to be amongst the prominent features of the spectrum. 
The types of motion involved in the A, modes will be (1) mainly P—F stretching, 
(2) mainly PF, “umbrella” deformation and (3) mainly Ni—P stretching. By 
analogy with the frequencies of the free PF, molecule, », is likely to lie near 850—900 
em and », near 500—550cm~!. The skeletal frequency », is expected to be 
considerably lower than the corresponding value (382 em~') for Ni(CQ),. 

As we have seen, the observed spectrum does indeed contain just three highly 
polarized and strong Raman lines, and moreover these lie in the expected frequency 
regions. These facts provide convincing evidence that the Ni(PF,;), molecule is 
indeed of point group 7’,, and the assignments 7, = 954, », = 534, », = 195 em-! 
van be confidently made. 

Table 1 gives the rules of selection and polarization for all the fundamentals 


and indicates the types of motion contributing mainly to the modes. In the P—F 
stretching region we observe (in addition to »,) two depolarized features, 851 (very 
strong) and 883 (medium, broad), whereas three are permitted, namely, the 
doubly degenerate P—F stretch », and the two triply degenerate P—F stretches 
y,, and »,,. The exact allocation is not clear: we suggest y, = 851 and assign the 
broad 883 to both »,, and »,,. Further evidence on this point could be obtained 
from an investigation of the infra-red absorption spectrum, where »,, and »,, are 
both permitted, but », is forbidden. An infra-red study is planned and will be 


sarried out as soon as possible. 

The situation is rather similar in the PF, deformation region. In addition to 
v,, we observe one depolarized Raman feature of medium strength at 505 and one 
very weak one at 561 cm~ whereas three degenerate modes are permitted, »,(/), 
v,;(F,) and »,.(/,). Again the allocation is not clear. There is little doubt that 
505 cm-! must correspond to at least one of the degenerate PF, deformations: 
we tentatively assign it to both v, and »,, and suggest that 561 cm may be %,. 
Once more the infra-red spectrum will be of interest. 

From its position near v, the intense depolarized line at 219 cm! can be 
confidently assigned to the Ni—P asymmetric stretching frequency »,.(/,). The 


] L. O. Brockway and P. C. Cross, J. Chem. Phys. 3, 828 (1935). 
] B. L. Crawrorp and W. Horwitz, J. Chem. Phys. 16, 146 (1948). 
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very low frequency (54 em~, broad, depolarized) is doubtless due to NiP, skeletal 
deformation, and probably contains both »,(Z) and »,(F,). The corresponding 
frequency for NiC, deformation in Ni(CO), lies at 82 em. 

Two PF, rocking modes remain to be assigned. It is not easy to foresee in 
what frequency region they are likely to lie. For methyl rocking the range is 
rather a wide one (600-1200 em~); silyl rocking frequencies have been reported 


Table 1. Species, modes and assignments of fundamentals for Ni(PF,),, point group T, 


Species 


Approximate 


Observed 


and description Frequency Assignment intensity 
selection of (em?) and 
rules mode polarization 
A, P—F sym. str. vy) 954 ms pol. 
Raman-active PF, sym. def. Ve 534 s pol. 
p=0 Ni—P sym. str. V3 195 vs pol. 
PF, torsion Vs (126) w, ? pol. 
P—F asym. str. Vs 851 vs depol. 
E PF, asym. def. Y% 505 m depol. 
Raman-active PF, rock vs 385 m br. depol. 
p 6/7 NiP, def. Ve 54 s br. depol. 
asym. str. V9 — 
F, } PF, asym. def. "10 
inactive PF, rock 
PF, torsion Vis 
Raman-active PF, asym. def. "i5 505 m depol. 
p 6/7 PF, sym. def. Vig ? 561 vw 
PF, roc "a7 385 m depol. 
NiP, asym. str. Vis 219 vs. depol. 
NiP, def. Vig 54 s br. depol. 
str. = stretching; def. deformation; vw very weak; w weak; m medium; ms =fairly 
trong; s strong; vs very strong; br. broad; pol. polarized; depol. depolarized. 


in the region 600-700 em~!. From considerations of mass, therefore, the corre- 
sponding frequencies for PF, rocking are expected to be considerably lower. The 
only feature of considerable intensity which remains to be accounted for in the 
spectrum of Ni(PF,), is the broad line at 385 em~", and it is natural to assign this 
to at least one of the two permitted rocking frequencies, v,(£) and »,,(F,). It is 
possible that the very weak line observed in the same region (at 332 em~) should 
be assigned to one of them. 

The only remaining observed Raman line is the weak and possibly polarized 
one at 126 em~, which cannot be regarded as a fundamental of Ni(PF;),. It may 
possibly be due to the presence of an impurity. For instance, it might arise from 
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Ni—(PCI,) stretching in a trace of Ni(PF,),(PCI,),_, in the sample; though, if this 
were the case, other impurity lines might have been expected to appear. Another 
possible explanation, in harmony with the probable polarization of 126 cm-, is 
that it represents the permitted first overtone (species A,) of the inactive torsional 
frequency »,(A,). This suggestion is included tentatively in Table 1. The first 
overtone of the inactive torsion »,,(/,) may also contribute. 


Force-constant calculations 

The unambiguous assignments of the frequencies »,, », and », of the totally 
symmetric modes (see above) makes possible the calculation of three force constants 
for the A, block. For this purpose a regular tetrahedral arrangement of the four 
bonds of each P atom was assumed and the choice of symmetry co-ordinates was 
the same as that made for C(CH,), by Lone et al. [8], namely: 
S, = (1/4/12)ZAr 

S, = (1/2)ZAR 

and S, = (1/4/24)(2Aa — TAZ) 
where r is the length of each P—F bond, R the length of each Ni—P bond, and « 
and # are, respectively, the F—P—F and Ni—P—F bond angles. The 9-matrix 
[8] is then: 


4 
G(Aj) So Ss 


(1 3)up (4/3)up (l/y 3)up 


So (4/3)up 2up (16 3)up (4/4 3)up 
Ss (1 \ 3)up (4/ 3)up Mp 


in which wy and yp are, respectively, the reciprocal masses of the fluorine and 
phosphorus atoms. 

Corresponding to the assumption of a simple valency force field (s.v-f.f.) all 
the elements of the A-matrix were set equal to zero with the exception of the three 
diagonal ones F,,, F,. and F,;,, which are proportional, respectively, to the s.v.f.f. 
force constants kp_, (P—F stretching), k,/r? = 4(k, + k,)/r*? (PF, deformation), 
and ky, p (Ni—P stretching). 

Owing to the fact that the A, block of the secular equation is of order 3, the 
extraction from it of the values of F,,, F.. and F, is not a simple matter. It was 
found advantageous to carry out the calculation by a “‘relaxation’’ method, in 


which one starts with a rough set of the F’s and obtains successive improved sets 


which converge rapidly to the correct values. For the present calculation rough 
initial values for F,, and F,, were obtained by factoring off the lowest frequency 
v, from the secular equation and solving the resulting quadratic. A rough value of 
F,, was obtained from », by considering each PF, group as a point mass of eighty- 


eight atomic units. 
The resulting rough A-matrix was premultiplied by Y and the values of the 
roots /,, 4,, 24, were extracted by a process of iteration [9]. Then the initial rough 


[8] D. A. Lone, A. H. 8. Marrerson and L, A. Woopwarp, Proc. Roy. Soc. A 224, 33 (1954). 
[9] R. A. Frazer, W. J. Duncan and A. R. Cottar, Elementary Matrices p. 143. Cambridge University 
Press (1950). 
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F-matrix was improved by multiplying each of its components by the corre- 
sponding value of Ajy./Aca. The improved A-matrix was again premultiplied by 
G and its roots extracted by iteration. Normally the iteration is performed on the 
arbitrary modal column (1, 0, 0), but convergence is more rapid if a better approxi- 
mation to the final column is known. Therefore at the beginning of each iteration 
the column chosen was the latent vector derived in the foregoing iteration. After 
nine iterations the calculated A-values had all become equal to the observed values 
to within } per cent. The method seems likely to prove useful in many calculations 
of this kind. In more complicated cases the whole procedure could be written 


into a programme for an electronic computer. 
The values of the s.v.f.f. force constants corresponding to the final set of F’s 
were found to be: 


kp_» = 7-73 10° dyn/em 

— 0-53 10° dyn/em 

ky p = 2-71 & 10° dyn/em 
The above value of ky, » may be compared with the rough value, 1-97 » 10° 
Ni-—I A 


obtained from », by considering each PF, group as a point mass, 

The corresponding calculation for the Ni(CO), molecule is a trivial one, since 
the A, block is only of order 2. Using the observed frequencies [1] », = 2043 em~ 
(mainly C—O stretching) and y, = 382 em (mainly Ni—C stretching) we obtain 


VOL. 
the s.v.f.f. constants: 16 
keg = 16-01 10° dyn/em 1960 
ky 2-54 10° dyn/em 
CRAWFORD and Cross [1] give kp_9 = 15°89 and ky; ¢ = 2-52 in the same units. 
Discussion 


The value, 2-71, obtained above for the Ni—P stretching force constant in 
Ni(PF,), is quite close to that for the corresponding Ni—C stretching constant, 
2-54, in Ni(CO),. This provides evidence that the metal—ligand bonding is of a 
similar nature in both compounds. 

The regular tetrahedral arrangement of the four ligands is in harmony with the 
view [10] that their attachment involves four equivalent hybrid orbitals of the 
central Ni atom derived from its 4s and its three 4p-orbitals. The formation of 
four co-ordinate o-bonds by donation of one lone electron pair from each of the 
four ligands, Ni < L, would give rise to a high formal negative charge on the Ni 
atom, and there is reason to believe that no stable compound would be formed 
were it not for the existence of the possibility of dissipating this negative charge 
by simultaneous back co-ordination [10] from the filled 3d orbitals of the Ni, thus: 
Ni = L. 

The ligand carbon monoxide may be formally represented as :C *= O, with 
two dots for the lone pair of electrons. Since the valency shell of the C atom is 
limited to 8, back co-ordination from the Ni can only take place by a reduction of 
the order of the bond between C and O, thus: Ni z C=O:. Evidence that such a 


10) L. Pawiane, The Nature of the Chemical Bond p. 122. Cornell University Press (1948). 
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reduction of bond order does indeed occur may be seen in the fact that the stretch- 
ing force constant k,_, in nickel carbony! is considerably lower than in free carbon 
monoxide (16-01, see above, as compared with 18-55). This evidence becomes more 
convincing when set against the findings for borine carbonyl H,B <—- CO, where no 
back co-ordination from the B atom is possible. For this molecule, two independent 
valculations [11, 12], using valency force fields with interaction terms, give ko_, = 
18-97 and 17-98. Neither of these values is significantly different from that for 
free carbon monoxide: certainly the appreciable drop of k,_¢ found for Ni(CO), 
does not occur. The formation of the single dative link in H,B < CO might have 
been expected to have increased the effective positivity of the C atom and so to 
have caused some rise of k,_,; but evidently this effect must be inappreciable. 

Coming now to the ligand PF,, there is evidence that the donor properties are 
normally very weak towards acceptors (e.g. BF) where only simple dative o-bond 
formation is possible. This is doubtless due to the very negative character of the 
F atoms, which must diminish the availability of the lone electron pair of the P 
atom for co-ordinate bond formation. That the donor power of the P atom is thus 
affected by the negativity of attached atoms or groups may be seen from the 
following facts. When BF, is passed through a petroleum—ether solution of n- 
propyl phosphine, a co-ordination compound is immediately precipitated [13]; 
the compound F,B < PCI, is known to exist [14], but decomposes above —6°C; 
but no evidence was found [13, 15], even at low temperatures, for a compound 
between BF, and PF,. 

It is therefore remarkable that PF, should form the stable compound Ni(PF,), 
with nickel. The stable platinum compound Cl,Pt(PF,), may also be quoted [16]. 
It is reasonable to suppose that some new factor must be operative, and the 
suggestion has been made [13, 16] that, as in Ni(CO),, this factor is back co- 
ordination from the filled d-orbitals of the metal atom, Ni z PF,. The closeness 
of the force constant ky, » to ky; - of nickel carbonyl! lends support to this view. 

Two formulations in terms of valency bonds are possible: 


F- F 


Niz P—F and Ni =z P—F 


The first is analogous to that for the ligand CO, i.e. the number of electrons in the 
valency shell of the P atom remains 8, and the back-co-ordinative 7-bond is formed 
by donation from a filled d-orbital of the Ni to a p-orbital of the P. The latter is 
here made vacant as the result of the removal of a pair of electrons by one of the 
F atoms becoming F~-. In the second formulation the number of electrons in the 
valency shell of the P atom is increased to 10, and the z-bond is formed by donation 


’ Beruxe and M. K. Wirson, J. Chem. Phys. 26, 1118 (1957). 
. C. Tayror, J. Chem. Phys. 26, 1131 (1957). 

3) J. Cuarr, Nature 165, 637 (1950). 
. BAUMGARTEN and W. Bruns, Chem. Ber. 80, 517 (1947). 

. Wacxkup, J. Am, Chem. Soc. 65, 2334 (1943), 
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to one of its vacant d-orbitals. Evidence favouring the second formulation comes 
from the fact that in the case of NF,, where the N atom lacks corresponding 
d-orbitals, no compounds with metals are known. 

Thus there is good reason to believe that the Ni—P bond in Ni(PF,), and the 
Ni—C bond in Ni(CO), must have appreciable double-bond character. It is 
remarkable, therefore, that the stretching force constants (2-71 and 2-52, respec- 
tively) should be so low. They are in fact in the range found for single bonds. Thus 
the M—C stretching force constants in a number of metal—methyl compounds 
M(CH,), lie [17] in the range 2 to 3, and for the B —C dative co-ordinate single 
bond in H,B «CO the two calculations referred to above [11, 12] give 2-63 and 


°.79. On the other hand the values for ordinary double bonds, e.g. C=O, 


C—C . ete.. are much higher (in the region of 10). One can only conclude that, 


as far as stretching force constant is concerned, the peculiar type of ‘dative double 
bond” [13], which we have symbolized by the double arrows Ni = L, is equivalent 
only to a single bond. 

With carbon monoxide as ligand, we have seen above that the formation of 
the bond to the metal is accompanied by a lowering of the order of the bond from 
C to O and that this shows itself as a lowering of ko. With PF, the effect upon 
kp_» is surprising and difficult to explain. The formation of the dative o-bond 
Ni — P might be expected to tend to raise kp_,, and the formation of the dative 
--bond Ni-» P to lower it. The results quoted for H,B « CO above suggest that 
the first of these two opposed effects will be very small; and so it is surprising 
that the value (7-73) found above for kp_» in Ni( PF), is considerably higher than 
the s.v.£f. value (5-38) in the free PF, molecule [18]. It is possible that this result 
may be due in part to the shortcomings of the simple valency force field used, 
which takes no account (for example) of repulsions between F atoms; but the 
difference seems too large to be accounted for entirely in this w ay. 

Unlike kp_», the value (0-53) of the PF, deformation force constant k,/r* of 
Ni(PF,), is much lower than that (1-15) of the PF, molecule [18]; but here the 
comparison is complicated by the difference of the length 1 of the P—F bonds and 
by the fact that k, for Ni(PF,), is the mean of the force constants for the changes 


of the F—P—F and Ni—P—F bond angles. 
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(Received 27 December 1959) 
Abstract — Different types of matrix isolation methods are described and their uses are discussed. 
Extensive studies are reported on the vibrational spectra of small polyatomic ions in alkali- 
halide lattices where they can replace either an anion or a cation. Results are presented for CN~, 
OH~, NCO~, N,~, HF,~, NO,~, NO,~, BH,” and NH,* and many of their isotopically substituted 
species. The effect of the environment on the v ibrational energy levels of the polyatomic ions is 
described and the relation 
A(ly my nv,) l Ay, m Av, + n Ap, 

is shown to be valid where l,m.n are the vibrational quantum numbers associated with the 
modes ¥,, ¥), % present in a combination band and Ay, is the shift produced in the fundamental 
vy, by the environment. 

These studies have been carried out over a temperature range from 5°K to 500°K under a 
resolution of 0-15 em~! and the variation of absorption frequencies, intensities and band contours 
have been obtained. 

Introduction 

Tue interpretation of the spectra of solids presents many difficulties. One of the 
most successful methods in the case of the i.r. spectrum of molecular crystals or 
molecular ions is to consider the spectrum of the isolated molecule first and then 
to treat the effect of the environment on it as a perturbation. Thus it is important 
to study the same molecule or molecular ion in as many different environments 
as possible and to observe the accompanying changes in its absorption spectrum. 
Several different methods of isolation are possible and have been used by different 
investigators. These may be conveniently summarized as follows: 

(1) The isolation of small molecules [1] in the solid inert gases—neon, argon, 
krypton or xenon. 

2) Isolation in alkali-halide crystals where many polyatomic ions can be 
caused to replace the cation or the anion at individual sites in the crystals. 

(3) Isomorphic substitution: It is frequently possible to introduce into molecu- 
lar crystals molecules [2] which are similar in shape and size to those of the 
crystal, e.g. naphthalene in durene. 

(4) Isotopic substitution: Small percentages of isotopically substituted species, 
may occur naturally or may be introduced into a crystal. These are particularly 
valuable for infra-red studies on the vibrational energy levels of the crystal, 


especially in the case when hydrogen—deuterium replacement [3] is used, because 
of the high degree of frequency isolation resulting from the large relative change 


in mass. 


* Paper pres nted at the European Molecular Spectroscopy Conference, Bologna, September, 1959. 


[1] G. C. Prwenter, Spectrochim. Acta 12, 94 (1958). 
(2) D. S. McCuure, J. Chem. Phys. 22, 1668 (1954). 
{3} D. F. Hornic and G. L. Hrepert, J. Chem. Phys. 27, 752 (1957). 
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(5) Paramagnetic isolation: In the case of crystals containing paramagnetic 
ions, the magnetic interaction between the ions may be very much reduced by 
replacing a high percentage of them by diamagnetic ions [4] of similar size. In this 
way the hyperfine splitting of the electron paramagnetic resonance spectra can be 
more satisfactorily obtained. Alternatively the u.v. and e.p.r. spectra of ions, 
e.g. Ni?* may be studied when these are introduced [5] into different ionic 
crystals, e.g. MgO. 


(6) New molecular species can often be obtained in crystals by irradiation [6]. 
These new impurity centres are usually well dispersed hence there is little inter- 
action between them. 

In most cases the interaction between the impurity centres is of a dipole-dipole 
or dipole—induced-dipole nature and hence the interaction between the centres is 
very much reduced on increasing the distance between them. Thus in the case of 
fixed dipoles the interaction energy is proportional to 1/r*. If the number of foreign 
molecules or ions is | per cent then the separation between these centres is roughly 
four times as great as it would be in a pure crystal and if 0-1 per cent then the 
figure is ten times as great. 

In the studies reported here we have replaced either the anion or the cation of 
many different alkali halides by small molecular ions. Ions belonging to as many 
different symmetry classes as possible have been chosen and also we have selected 
ions in which isotopic replacement is possible. The absorption spectra have been 
observed under high resolution over a wide temperature range. The i.r. spectra of 
molecular ions isolated in alkali halides was first studied by MAsLaAkowez [7] in 
1928 and more recently by Kere.aar [8], Decrus [9] and Price [10] and their 
co-workers. 

Experimental 

The simplest method of incorporating the impurities into the alkali-halide 
lattices is to powder the “impurity” with the alkali halide [11] and then to press 
the mixture to form a disk. Dispersion of the impurity ions in the lattice was 
obtained on heating the disk in a vacuum furnace. However, the different ions 
require different treatment. Thus in the case of NCO~ it was found that heating 
either NCS~, NO*- or CN~ in the disks leads to the formation of NCO~. Starting 
with isotopically enriched CN~ it was thus possible to form both NCO~ and 

The preliminary spectra were recorded under medium resolution ~1 cm! at 
temperatures between 77°K and 500°K and then under a resolution of 0-15 em~ 
[12]. Selected disks were studied under the higher resolution at temperatures 
between 4°K and 500°K. 

4) B. BLeaney and K. W. H. Stevens, Repts. Prog. Phys. 14, 108 (1953). 
5| J. E. Wertz, P. Avzreys, J. H. E. Grirrirus and J. W. Orton, Trans. Faraday Soc. 26 (1959). 
}| For examples see: W. Low, Paramagnetic Resonance in Solids p. 175. Academic Press, New York 

skoweEz, Z. Physik 51, 696 (1928). 

J. A. A. Kerevaar, C. Haas and J. van per Extsken, J. Chem. Phys. 24, 624 (1956). 

J. C. Deecrvs and A. Maxt, J. Chem. Phys. 28, 1003 (1958). 

W. C. Price, W. F. SHerman and G. R. Wrikryson, Discussions of the Royal Society, Dec. (1958); 

Proc. Roy. Soc. (London) A 255, 5 (1960). 


M. A. Forp and G. R. Wirkryson, J. Sci. Instr. 31, 338 (1954). 
2) M. A. Forp, W. C. Price and G. R. Witkrinson, J. Sci. Instr. 35, 55 (1958). 
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General considerations 

First it is perhaps important to consider the evidence indicating that the 
molecular ion actually occupies a site vacated by the alkali-halide anion or cation. 
The reasons supporting this may be enumerated as follows. 

(a) The observed frequencies of vibration of the molecular ions are quite 
different in the various alkali halides. It is further observed that when a simple 
double decomposition occurs the frequencies for the same alkali-halide cation are 
the same. 

(b) DricKAMER [13] has shown that when a crystal of KCl containing NCO- is 
subjected to high pressures the frequency of the », vibration shifts upwards and 
that there is a very marked discontinuity in the frequency—pressure curve when the 
crystal structure of KCl changes from simple cubic to body-centred cubic. No 
sharp change in frequency is observed for the vibration of the NCO~ which is not 
incorporated into the lattice. 

(c) The only molecular ions that readily enter the lattice are those whose size is 
less than that of the vacated site. 

(d) The half-widths of the absorption bands, e.g. 0-65 cm~ in the case of BH,~ 
clearly indicate that the molecular ions are well dispersed in the alkali-halide 
lattice. 

In order to determine the effect of the environment on the vibrational frequency 
of the molecular ion it is necessary to consider the Hamiltonian H = H, + V, 
where H, is the Hamiltonian for the ion in free space and V is the crystalline 
potential which can be developed as a power series about the centre of mass of the 
molecular ion. We must distinguish several different contributions to this 
potential: 

(1) The potential due to the charges of the alkali-halide ions on an ordered 
lattice around the “‘impurity’’. 

(2) The perturbation of this potential due to the polarization of the surrounding 
ions by the “impurity” ion, this is a function of its vibrational state. 

(3) The repulsive field due to the overlap of electron density of the “impurity” 
with its surrounding ; this is also a function of the vibrational state. 

A perturbation calculation has been carried out by BuckINGHAM [14] who has 
shown that the frequency shift of an anharmonic oscillator in an environmental 
field which gives rise to an interaction energy U is given by the expression 


B, 


her, 


(Av) -(% — m) (1) 


mn 


e 


e 


In this case U = U, + U'(&) + 4U"(£)? +, where & = and B, and A 
r 
are molecular constants, the former being related to the moment of inertia and the 
latter describing the mechanical anharmonicity; m and n are quantum numbers. 
From the expression it may be seen that the shift in the nth overtone is n times 
that in the fundamental, i.e. Av/y is independent of ». Further Av/y should also be 


[13] H. G. Drickamer and T. E. Stykuovuse, J. Chem. Phys. 27, 1226 (1957). 
[14] A. D. Buckrnenam, Proc, Roy. Soc. (London) A 244, 169 (1958). 
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independent of the nuclear masses. For polyatomic molecules an extension of the 


theory leads to the expression: 
A(ly, + my, + ny, ) = 1 Av, + m Av, + n Ar, 


Thus the shift in a combination band should equal the sum of the shifts in the 
fundamentals. As shown below this is in excellent agreement with the observed 
data. 

KeTELAAR [15] considers the shift in frequency resulting from the fact that the 
vibrating molecule polarizes the surrounding medium. The shift in frequency due 
to this effect is given by the expression 

where » is the refractive index of the surrounding medium and « corresponds to 
the linear dimensions of the “hole’’ in which the molecule is situated. It may be 
noted that the shift in frequency is directly related to the integrated intensity of 
the band, and should be very small for weak overtone and combination bands. 

We next consider the effect of temperature on the system. In the first place 
there is the change in the potential V at the ion due to the contraction of the lattice. 
This must have a very large effect on the repulsive term on account of its very 
high dependence on r. Secondly there is the temperature-dependent movement of 
the impurity ion with respect to the lattice and of the movement of the lattice ions 
themselves which leads to a variation of the crystal field. 

Hence the spectra of the impurity ions alter considerably with temperature 
both regarding the mean frequencies and band contours. Finally we may mention 
the effect of the environment on the total integrated absorption of the bands and 
their temperature dependence. Also the effect of pressure on the frequencies, 
half-widths and intensities of the spectra due to the contraction of the lattice. 

The possibility of isotopic replacement in the molecular ions leads to the 
possibility of testing the validity of treating the problem as one in which the m 
atoms of an ion vibrate in the crystal field. It is also possible to compare the 
frequency shifts in various alkali halides for which the potential V(r) and the size 
of the hole which the molecular ion is situated is different. 


Results on individual ions 
The molecular ions and their symmetries are listed below together with the 
alkali halides and related crystals that were used as matrices. 
FHF 
O CN OH 

NO? NO, 180 NH,D,° 
NO, 
NH, BH, 
NH,D ND,H° BD,H- 
NaC (s.c.) NaBr (s.c.) Nal (s.c.) 


(15) J. A. A, Kerevaar, J. Chem. Phys. 30, 336 (1959). 
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KC] (s.c.) KBr (s.c.) KI (s.c.) 

RbCI (s.c.) RbBr (s.c.) RbI (s.c.) 

CsCl (b.c.c.) CsBr (b.c.c.) CsI (b.c.c.) 

TIC! (b.e.c.) (b.c.c.) TIL (hex.) 

NH,*Cl- (b.c.c.) NH, Br (b.c.c.) (b.c.c.) 
where (s.c.) denotes a simple cubic structure (NaCl type), (b.c.c.) body-centred 
cubic and (hex.) hexagonal. 

Polyatomic ions studied in alkali halide lattices 
Symmetry 


group 


Cay 


‘ 


\ 
aN 
\ 


Fig. 1. Diagrams illustrating the size and shape of the ions that have been studied. 


(a) Diatomic ions 

The simplest ion which readily replaces an anion is cyanide CN~-. The 
frequencies at liquid-air temperature of the fundamental vibration are shown in 
Fig. 2. In this diagram the straight lines join corresponding CN~ frequencies in 
lattices with a common cation. No significance is to be attached to the fortuitous 
fact that the lines are straight. From this energy-level diagram it may be noted 
that the highest frequencies occur in lattices where the alkali-halide ions are 
smallest. The frequencies in the case of the caesium halides exhibit larger changes 
than those in the potassium or rubidium groups and this is probably related to the 
body-centred character of the caesium halide lattice. In such lattices each ion is 
surrounded by eight nearest neighbours instead of six as in the simple cubic 
lattice. It seems clear that the conclusions to be drawn from these results are that 
the greater the overlap with the lattice the higher the frequencies of the internal 
vibrations of the molecular ion. 

Both the peak intensity and the band half-widths of CN~- vary in a marked 
manner with temperature. In the case when the ion is isolated in NaCl the band 
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half-width Av, is less than 0-6 em~ at 10°K whilst at 300°K Ay,,. is well over 
20 em. A specimen, which has a peak absorption of nearly 100 per cent at liquid 
helium temperature, gives rise to a hardly perceptible band at room temperature. 


2100 


CL Br I 


Fig. 2. The vibrational frequency of the fundamental vibrational of the cyanide ion 
isolated in different alkali-halide lattices at 77°K. 


As well as !2C!4N- it is possible to study both ##C™N~ and '™* 4N~- and hence 
to test the validity of the prediction that Av/y should be independent of mass. 
(Here we take Ay as the shift in frequency between ions isolated in NaCl and KI.) 
We find 13014 - 


0-O1971 0-01992 0-O1978 


For a free ion,we have the relationship 
MoM, + My) 
(Me + My) 
for the different isotopic species. Thus the experimental value for (v/v) in the 
case of @NUVC ANC js 0-98450 and the calculated value 0-98450 whilst for 
14N13(°/14N12(° it is 0-97942 and the calculated value 0-97910. 


Another diatomic ion which we have investigated is (OH)-. The absorption 


bands of this ion remain sharp (half-widths of a few em~') even in such restricted 
sites as those of a LiF lattice at room temperature. The several bands separated by 
a few wave-numbers arise due to slightly different positions in the lattice. Their 
relative intensity can be changed by heat treating the LiF crystal. 


(b) Linear triatomic ions 


NCO-. We will first consider one of C,, symmetry, the NCO~ ion which readily 
enters most of the alkali-halide lattices and the isolated species give rise to many 
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very sharp absorption bands which have been measured with high precision. 
This ion is particularly suitable for study on account of the existence of numerous 
stable isotopes of its atoms ('4N, °N, !2C, 18C, 160, 70, 180) which give rise to the 
possibility of studying some twelve different isotopic species. It has been possible 
to obtain a complete vibrational analysis from which the anharmonicities of the 
various modes have been evaluated. The normal modes of vibration are 


C 


v, the bending mode is doubly degenerate. A feature of the spectrum is the occur- 
rence of Fermi resonance between y, and 2y,; 2v,, 4v, and », + 2v,, and between », + 7, 
and 2», + ¥,. The half-widths of the absorption lines decrease on cooling and 
shifts in frequency occur, e.g. the v, vibration frequency of NCO~ in NaCl increases 
by 5-2 cm! on cooling from room to liquid-helium temperature. Variation of 
temperature also enables the “hot transitions” to be identified. These have 


% 


0 0 as the lower state and give rise to bands about 8 per cent as strong as the 
principal ones at 300°K., 


Resolution 


0 Scm 


Fig. 3. The i.r. spectrum of the y, vibration of !°N enriched NCO- in a NaCl lattice showing 
the shifts in frequency on cooling. The full line is for a temperature of 10°K and the 
dotted line for 280°K. 


It is possible to compare the frequencies of the large number of combination 
and overtone bands that occur with those of the fundamentals to check the 
validity of the expression: 


A(ly, + my, + = + mAv, + nAv, (2) 


where /, m and » are the vibrational quantum numbers associated with »,, v, and 
v3, respectively. Av depends upon the interaction energy of the ion due to the 
effect of the lattice. As the Coulomb energy due the lattice is proportional to the 
reciprocal of the lattice spacing it might appear possible to obtain the free-space 
values for the normal modes of vibration of the molecular ion by plotting the 
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frequencies against 1/d for the different alkali halides. If this is done. quite good 
straight lines are obtained. However, the extrapolation to 1/d = 0 corresponding 
tod x gives a shift of several hundred wave-numbers which does not appear to 
he reasonable. Hence the values observed in CsI are used here as a reference. We 
find Av, = 24cem~, Ar, = 9em~', Av, = 71 em 1 As shown in our previous paper[ 10] 
the agreement between the calculated values using expression (2) and the observed 
values 1s extremely good 

The occurrence of many isotopes enables the isotope relation rules to be 


checked, thus for y, we have 


MM. 
Mo +M.+M, My Mo 


For and “NCO- we have 2-228 for the l.h.s. and 2-216 for the r.h.s. We 
may also compare the values of Av,/v, where Av, is the difference in frequencies for 
NaCl and CsI for the different isotopes We find §NVCO 0-02896, PNECHO 
)-02894 in quite good agreement with the prediction that 
these ratios should be identical 


tia The f equenm the vr, ition of NCO solated iu NaCl as a function ot 


ternperature., 


The effect of temperature on the mean frequency, peak intensity and half- 
widths of the absorption hands of NCO~ have been studied and Fig. 3 shows the 
variation in the frequency of the », band of NCO™ in NaCl. It may be noted that 
there is little change in frequency from 0°K to about 150 K. However, above 
this the frequency falls linearly with temperature This change approximately 
parallels the variation in the coefficient of expansion with temperature. The 
half-widths Av, , also reveal a similar dependence. Below 300 K the half-width is 
not very dependent on temperature. However, above this Av, ,. increases rapidly 
with temperature and reaches a value of 10 ecm™ at 700°K. It is found that an 


empirical relationship of the form 


Av, (Av, { if 
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fits the experimental data. The value of U/k is found to be about 1000°K which is 
close to the melting point of the sodium chloride. 

The expression A(/y, — mr, + nv.) = lAy, + mAv, + nAv, is found to a good 
approximation to be independent of temperature. The relationship between the 


Fig. 4(b). The half band-width Ay,,, of the rv, vibration of NCO isolated in NaCl as a 


function of temperature 


half-widths of the overtone and combination bands and the fundamentals is less 
simple. In general the Av, ,, of overtones are greater than those of the fundamentals. 
They do, however, display a similar dependence on temperature. U in the empirical 
equation quoted above remains approximately the same for all the absorption 
bands. 

On continued heating of the alkali halide plus isocyanate two new sharp absorp- 
tion bands due to NCO~ appear and for the vibration of an ion isolated in KI, v, is 
shifted to lower frequency by 143 em~ and 213 cm~. The absorption bands move 
to a lower frequency on cooling the crystal in contrast to the main absorption band 
which moves to higher frequency. It would consequently appear that these ions 
are associated with defects or other impurity centres. 

The larger NCS~ ion enters the alkali-halide lattices less readily than the NCO 
ion into which it readily changes on heating. 

N,~ and FHF-. Both the azide and bifluoride ions have symmetry ),,. The 
azide ion is comparable in size to the cyanate ion and behaves in a similar fashion. 
Thus it is found that the relative frequency shifts of »,, v, and », of N,~ are very 
close to the corresponding frequency shifts for the NCO~ ion. Once again there is 
good agreement between the frequency shifts calculated from equation (2) and those 


observed in 2y, and + Fig. 5 shows the observed frequencies of in 
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different alkali halides. For the isotope shift in r, between *N“N™N and MNUNUN 
we have an observed value of 43-5 em~ and a value of 45-5 em™ calculated from 
the expression: 
Misy Mug 
3M ux M sx 
For =NNN the observed shift is 10-0 em compared with the calculated value 
of llem~. From the combination bands », + ¥, and 2”, + we calculate 
Ay, = 32 and compare A(2v, + ¥3) = 55-6 cm with + Av, = 87-3em". 


Fig. 5. The vibrational frequency of the anti-«cvmmetric stretching vibration rv, of the 


azide ion N,~ in different alkali-halide lattices. 


The infra-red spectrum of the bifluoride ion in different alkali halides was 
first studied by Kereraar. Of the fundamentals »,, v, and », the first », is not 
infra-red active but from the Raman spectrum of a crystal of KHF, Mature has 
obtained a value of about 600 cm~. »¥, the doubly degenerate bending vibration 
occurs at approximately 1250 em~', whilst the antisy mmetric stretching vibration 
frequency is about 1550em~". Three comparatively strong combination and 
overtone bands occur: they are v, + ¥3, 2%, + ¥3 and 3r,. From these we find that 
the calculated shift in », between KCI and KI is about 35 em 1. The hydrogen of 
the ion may be readily exchanged for deuterium and hence we may test the 


expression 


My + 2M, My 
(2) (>) My, + 2My) My 


Thus for vy, we have 1-90 and for v, 1-92. These may be compared with the calculated 
value of 1-95. From the ratio of », to x, we may deduce that the interaction force 
constant between the two HF bonds is quite large. 
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(c) Non-linear triatomic molecular ions 

NO,~-. Although this ion readily enters the alkali-halide lattices the absorption 
bands are comparatively broad. », the symmetric stretching vibration is only 
weakly active in the infra-red. », is the bending vibration and », the anti- 
symmetric nitrogen oxygen stretching vibration which has also been studied by 


2500 


10°K 


Resolution 
06cm 


N“O3 


Cl 


Fig. 6. The vibration frequency v, + ¥, of the Fig. 7. Spectrum of 2y, of *NO,- and NO, 
nitrate ion in different alkali-halide lattices. in a RbI lattice at 280°K and 10°K. 


Br 


KETELAAR [16] in different alkali halides. From the combination bands we may 
obtain the shift in », + », and compare this with Av, + Av,. Thus we find for 
NaCl-RbI that + »,) = 83 and Ay, + Av, = From A(», +75) 

80 cm~' we compute that Avy, = 34 cm~' and this is very close to the correspond- 
ing shift in N,~. For », we have the isotope relationship between “NO,~ and 
MNO, of 


Ve \Muy + 2M, « 


Using a value of 114-5 for « [17] we have 0-9579 for the I.h.s. and 0-9564 for the r.h.s. 


(d) T'etratomic planar symmetric molecular ions 


NO,~. The nitrate ion is planar and has symmetry /),,. There are six normal 
modes of vibration. », is totally symmetric and hence is not infra-red active. 
vy, and », which involve the antisymmetric stretching and bending of the nitrogen— 
oxygen bonds, respectively, are both doubly degenerate. y, is the out-of-plane 
bending vibration. The nitrate ion, which is one of the largest studied, readily 
replaces the anions of most of the alkali halides and gives rise to sharp absorption 
bands. As three combination bands are sufficiently strong to be observed it is 


16) J. A. A. Kerevaar, C. J. H. Scnurre and B. L. Scuram, Spectrochim. Acta 13, 336 (1959). 
17) G. B. Carpenter, Acta Cryst. 8, 852 (1955). 
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possible to compare their shifts in frequency with the shifts in the fundamentals. 
Using Ay, as the shift in », found between NaCl and RbI we find 
Av, = 38-5 Av, = 13-5 Av, = 58-4 em, Avy, = 23-5 em" 
We may compare A(2r,) 116-0 with 2 Ay, 116-3 By using 
3 3 3 
the isotope shifts were observed and the relationship ¥,'*/r,'* = ,'°v,'*/r,"4v,'* was 
tested. We have for the |.h.s. 0-973 and for the r.h.s. 0-977, a difference of less than 
4 per cent. In NaCl and RbI we have for: 


MNO, 
"2 ef. O-OLSO 
Vo 
Avs 0-0431 ef. 0-0427 
Vs 

0-0425 
=Vs 


It was also possible to observe some of the absorption bands of NO,"°O> which 
has symmetry C,- and occurs in 0-6 per cent natural abundance. 


(e) Spherical molecular ions 

The ions studied are BH,~ and NH,*. Both have symmetry 7’, and there are 
nine internal modes of vibration. In », the hydrogen atoms vibrate towards and 
away from the central atom; this mode which has symmetry type A, is not 
infra-red active. v, has symmetry F and is doubly degenerate. In this mode the 
hydrogen atoms move on the surface of a sphere whose radius is the X—-H distance ; 
this mode is also infra-red inactive. Both », and », have symmetry F, and are 
triply degenerate. y, is an anti-symmetric X—H stretching mode whilst v, involves 
the anti-symmetric bending of the X—H bands. 

BH,-. Fig. 8 shows the spectrum of the 2, vibration of the borohydride ion 
in a KI lattice both at room temperature and 10°K. The half-width of the lines at 
the lower temperature is 0-65 cm~, 

The two lines arise from the isotopes of boron "B and ™B which occur in a 
1 to 4 ratio. The shift in frequency of 2», between NaCl and RbI is 140 cm~ 
whilst that of », is 71-4 em~ thus A2vr,/ Av, = 1-96, in good agreement with the 
expected value of 2. Further confirmation has resulted from the study of BD, 

NH,>. VeppeER [15] has reported studies of the ammonium ion in simple cubic 
lattices. Here we have observed the NH,*, NH,D*, NH,D,*, ND,H*, ND, ions 
in the body-centred cubic lattices of CsCl, CsBr, Csl and TIC], TIBr, TH. Some 
studies were also carried out using =N. One of the most interesting characteristics 
of the spectrum is the breadth of the », stretching vibration even when the ion is 
isolated in the alkali-halide lattice. For environmental shifts Av, (here taken as 
the difference in frequency between CsCl and Csl) for NH,* we have Ayv,/y, = 
0.01452 and A2vy,/2y, = 0-01459; and for ND,~ we have Ayv,/y, = 0-0123 and 
0-0123. 


18) W. Vepper, Ohio State Conference, Columbus (1959). 
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Two combination modes with », and », occur, these involve the torsional mode 
of the ion in the potential field of the lattice, which following Bovey we designate 


v,. The values that we calculate for rv, are: 


CsCl 350 em 
CsBr 310 
CsI 


260 em 


Thus there is a difference of about 100 cm~! between CsCl and CsI. On 
substituting '°N we observe the following isotope shifts: for NH,*, A(», + ,) 
53em~!, 0, and in ND,*, A(vy + v4) = 7-6 A(y, + = 0; 


Fig. 8. The infra-red absorption spectrum of the 2y, vibration of the BH,~ ion isolated in a 
<I lattice. The full line shows the spectrum at X and the dotted line at ! x. Two 
KI latt rhe full | 10°} ithe d 1] t 300°] I 

lines result from the natural occurrence of two isotopes ?°B and "'B. 


also Avy, = 6-0 em! for NH,* and Av, = 6-7 em~! for ND,*. Hence the frequency 
in the mode », on replacing *N by 'N is either zero or very small, i.e. less than 
1em~'. We can also compare the ratio of y, in NH,* and ND,* in the different 


caesium salts. The mean value of (v,"/y,”) is 1-34. For a pure torsional mode 


the frequency should be inversely proportional to the square root of the moment 


of inertia of the ion about its centre of mass, hence »"/y” should be 4/2 1-41. 
This is in fair agreement with the observed value of 1-34, the difference being 


5 per cent. The torsional frequency should also be proportional to y/», where rv, is 
the height of the barrier between the minima. It may be noted that 7, is nearly 


twice as great for the site in CsCl as in CsI. 


Conclusions 

These studies show that the alkali halides provide an excellent method for the 
experimental study of the effect of environment on the vibrational energy levels of 
simple polyatomic molecular ions. The shifts in frequency that occur demonstrate 
the importance of considering such effects in all spectroscopic studies in the liquid 
or solid phase. The great reduction in the width of the lines when the molecular 
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ions are dispersed in alkali-halide lattices indicates clearly the broadening due to 
direct interaction between similar vibrational groups. 

From a quantitative point of view, whilst the numerical calculation of the 
shifts is not straightforward, the expression 


A(ly, + my, + ny,) = lAv, + mAv, + 


has been shown to be valid and its use could possibly be of value in the assignment 
of combination bands in more complex molecules by observing frequency shifts of 
different absorption bands. This isolation method also provides the best method 
of studying the intrinsic vibrational properties of the individual ions, e.g. their 
absolute intensities, isotope shifts. 
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Abstract—The infra-red spectra of ethylenediamine and ethylenediamine-d, in the vapour, 
liquid and solid state have been investigated in the 2-25 4 region. The spectra of the solid 
compounds have been measured in polarized light on oriented polycrystalline plates. An 
assignment of the absorption bands based on C,, molecular symmetry is presented. 


Introduction 


A LARGE amount of data has been collected up to the present time on the structure 
of ethylenediamine complexes [1], but our knowledge of ethylenediamine itself is 
far from complete. 

Only the infra-red [2] and Raman [3] spectra of the liquid have been reported 
in the literature; these spectra have been analysed by BELLANATO [2], who 
concluded that ethylenediamine exists in the cis-form (see Fig. 1). This structure, 


Eclipsed configurations 


Staggered configurations 


however, is not in agreement with that of numerous complexes studied by X-ray 
methods [1], which generally exist in a gauche, staggered form, and in some cases 
even in the trans-form. 


[1] T. WaTanaBE and M. Science (Japan) 21, 301 (1951); J. V. QuaGLIANO and 8. Mizusuima, 
J. Am. Chem. Soc. 75, 6084 (1953); Y. Sarro, K. Naxartsv, M. Surro and H. Kuroya, Acta Cryst. 8, 
729 (1955); P. E. Merrirt and 8. E. Wiser.ey, J. Phys. Chem. 59, 55 (1955); K. Nakatsu, Y. Sarro 
and H. Kuroya, Bull. Chem. Soc. Japan 29, 428 (1956); D. G. Hrxt and A. F. Rosensere, J. Chem. 
Phys. 94, 1219 (1956). ia 

[2] J. Bectanato, Anales real soc. espan, fis.y. quim. (Madrid) B 52, 363 (1956). 

[3] K. W. F. Kontravuscn and F, Kopp, Sitzber. Akad, Wiss. Wien, Math. naturw. Kl. Abt. II B 148, 
537 (1935); Monatsh. Chem. 65, 185 (1935); R. ANANTHAKRISHNAN, Proc. Indian Acad, Sci. A 5. 
285 (1937); B. K. Cooupnurt, Indian J. Phys. 11, 203 (1937). 
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Although the staggered form excludes the eclipsed one [4], the different mole- 
cular interaction in the free and complexed molecule could account for the existence 
of different rotational isomers. This conclusion should, however, be supported by 
more experimental evidence, since the liquid spectrum is very complex and shows 
rather broad and overlapped bands, which cannot be assigned with sufficient 
confidence. 

We have therefore measured the infra-red spectra of both ethylenediamine 
and ethylenediamine-d, in the solid state, using polarized light with the aim of 
reaching a complete assignment and determining the type of the stable rotational 
isomer. 

Experimental 

The ethylenediamine used was an Eastman Kodak product of high purity 
dried by several distillations over metallic sodium. 

The ethylenediamine-d, was prepared with the procedure outlined by Gray and 
Lorp [5] for methylamine. Ten grammes of the hydrochloride were dissolved in 
25 ml of D,O (97°,) and refluxed for several hours to ensure isotopic equilibrium. 
The spent D,O was then pumped off under vacuum and collected in a trap with 
P,O,. After four such exchanges, each one with 25 ml of D,O, CaO which had 
been heated at 1000°C for several days was quickly added to the dried hydro- 
chloride. The ethylenediamine-d, was then generated by vacuum distillation at a 
temperature of 200°C and collected in a dry-ice—acetone trap. The last traces of 
D,O were removed by vacuum distillation over metallic sodium. 

The infra-red spectra were measured with a Perkin-Elmer model 13-C double- 
beam spectrograph equipped with Lif, NaCl and KRS-5 prisms. 

The vapour spectra were measured with the help of an elect rically heated 9 cm 
cell, at temperatures of 50, 100 and 150°C, 

The liquid spectra were obtained over thin films between two plates. Since 
ethylenediamine reacts very quickly with KRS-5 plates, K Br windows were used, 
with the consequent cut off of the short-frequency range. 

Solid spectra were obtained on oriented polycrystalline films grown between two 
plates at the temperature of dry ice. After several attempts it was possible to 
obtain good oriented polycrystalline films, which were examined with a rotatable 
cell cooled at dry-ice temperature and Perkin-Elmer polarizers. 

To avoid the possibility of overlooking vibrations with a dipole moment vibration 
in a direction perpendicular to the surface of the plates, spectra were run at 
different incidence angles, using different supports (NaCl, CaF, and KBr plates). 
No variations were observed. 

The observed frequencies for ethylenediamine and ethylenediamine-d, are 
listed in Tables 1 and 2. For the solid spectra the polarization with respect to an 
arbitrary direction is indicated by the symbols (+-) and (—). The band at 2858 
em~ has been chosen as reference and the symbols refer to orientations of maxi- 
mum (+) or minimum (—) intensity. 


4) 8. Mezosuma, Structure of Molecules and Internal Rotation Academic Press, New York (1954); 
J. LmoomPTe, 45} froacopre lana U Infrarouge S. Fiteor, Handbuch der Physik Bd, X XVI, p- 372. 
Spr Berlir 145s 


5) A. P. Gray and R. C. Lorp, J. Chem, Phys. 26, 690 (1957 
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The Raman frequencies are available only for ethylenediamine. 
In Figs. 2 and 3 are shown the spectra of the liquid amines between 3600—2200 
and 1650-650 


Figs. 4-7 show the solid spectra in polarized light. 


Table 1. 


Observed frequencies for et hylenediamine 


Infra-red Infra-red Raman Infra-red 


(vapour) (liquid) (liquid) (solid) 
3414 vw 3351s 3362 (5) 0-68 33358 (—) 


3277 s 3296 (7) 0-24 32468 (+) 
3195 m 3171s (+) 
29308 (—) 


3345 vw 


2926s 2926s (7) 0-72 29178 (+) 
2891 (6) ? 
2866 s 2857 s 2855 (7) 0-54 2858s (+) 
2740 w 2730 (4) ? 
2388 vw 
2190 vw 
2107 vw 
2032 vw 
1613 1595 s (—) 
1597 m (+) 
1500 vw 
1456 m 1453 (5) 0-87 (+) 
1456m (—) 
1409 w (—) 
w (+) 
13608 1352 m 1352 (1) 0-90 
1305m (—) 
1310 w 1310 w 1301 (1) 0-82 


1298m (+) 
1248 vw 1240 (0) ? 1249 vw 


1202 vw 


1105 
1095 


m 1095 m 1096 (3) 0-30 1104m (+) 


1085 ( 

1046 8 1050 m 1051 (1) ? 1065s (—) 
966 m 984 (4) 0-46 980m (+) 
139 vs 902 vs 95lvs (—) 
727 vs 920 vs (+) 
825 
S19 

. m 852 m 835 (5) 0-65 S28 w (+) 
815 


809 


7758 (+) 


76ls (—) 


769 w 


5IO(O) ? 
468 (3) 0-27 468 m 
327 (4) ? 


186 (4) ? 
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Table 2. Observed frequencies for ethylenediamime d, 


Vapour Liquid Solid 
2026 8 { ) 
2932 « 2934 8 
29168 (+) 
« 2866 s 286268 (+) 
278l w 2506 m 
24798 (—) 
2792 2423 m 24lis (+) 
2364 m 23428 (+) 
1985 w 
1775 w 
1585 w 
1552 w 
1490w (—) 
146458 1451 m 1469 
1456m (—) 
1364s 1360 m 1356 vw ( —) 
1324 1314 
313m (+) 
1282w (—) 
1270 vw ( ) 
1202 vs 1184 vs 1191s 
1078 m 1066 m 1067 w (-—) 
1043 vw (—) 
1016 vw | ) 
1008 w 1003 m 10038 (+) 
973m (+) 
956 w 
931 m 930 m 923 w (+) 
) 
873 w S70 w ) 
S57 w 
S36 vw 846m ) 
S15 vw 
772w 79lw (+) 
666 s(b) 726 vs we ve (=) 
vs ) 
746 w 
724 vw is4ve (+) 
719 vw 
608 w 
473 m 455 m 


Discussion of the results 
Large differences are observed among the spectra in the vapour, liquid and 
solid states. These are chiefly variations in half-band width and shifts of the band 
associated with NH, motions. 
These differences are easily accounted in terms of different intermolecular 
interactions in the various physical states, but cannot be explained by postulating 


the existence of various isomers. 
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The interpretation of the band at 1360 cm~ in the spectra of both isotopes is 
doubtful, since this band is intense in the spectrum of the vapour and of the liquid 


but almost disappears in the spectrum of the solid. This intensity variation, 
however, does not necessarily indicate that different isomers exist. The dipole 
moment [6] and the intensity of the bands in the vapour phase remain constant 
over a wide range of temperature (50 to 150°C). Furthermore, the number of 
bands in the liquid state is less than in the solid. 

This suggests that only one rotational isomer is present in all the physical states. 
There is, however, no direct evidence in favour of a particular isomer; only the 
trans-form is ruled out by the mutual exclusion rule. It is moreover difficult to 
distinguish between a cis-structure with C,, symmetry and a gauche one with 
symmetry C, (see Fig. 1), and there are arguments in favour of both forms. 

In the infra-red spectrum only three NH, and three CH, stretching bands are 


t 


observed: this suggests a cis-structure, for which one NH, and one CH, stretching 


cm 
Figs. 2 and 3. Infra-red spectrum of: liquid ethylenediamine, 


— liquid ethylenediamine-d,. 


(6] P. Truner, Compt. rend. 208, 563 (1936); Ann. chim. (Paris) 12, 93 (1939). 


681 


| 
| | 
7 3600 3200 2800 2400 2000 
cm 
| 
| | 
| 
1700 1500 1300 1100 900 700 
2 


A. Sapatrini and 8. CaLrrano 


Figs. 4 and 5. Infra-red spectrum in polarized light of solid ethylenediamine: 
-——— larization (+), — — polarization ) (see text). 
I } ) 


motion are infra-red inactive. On the other hand, there is direct evidence of two 
CH, rocking bands, one of which should be inactive for the C,, symmetry. 

Although this point cannot be settled definitely without the aid of a Raman 
spectrum of the solid, the interpretation of the infra-red spectrum seems to favour 
the cis-structure. 

We shall therefore discuss the assignment of ethylenediamine on the basis of a 
(',, Symmetry, but shall consider it as a working hypothesis rather than a final 
conclusion. 

For the C,, symmetry the thirty normal modes are divided into nine A,, seven 
A,, six B, and eight B, vibrations. Their approximate description as group motions 
is given in Table 3. 

Mecke and GREINACHER [7] have recently shown that vibrations of different 
symmetry species give rise in the crystal to bands polarized in different directions. 

The infra-red bands of ethylenediamine crystals are of two kinds, polarized at 
approximately 90° to each other. In Table 1 they are indicated by the symbols 
(+) and (—). 


[7] R. Mecke and E, Greracuer, Z. Elektrochem. 61, 530 (1957). 
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} 


| 
| 
| 


1700 
cm 
Figs. 6 and 7. Infra-red spectrum in polarized light of solid ethylenediamine-d,: 
polarization (-+-), --~ polarization (—) (see text), 
According to the Raman depolarization factors the (—) type bands are assigned 
to B, vibrations and the (++) type bands to both A, and B, vibrations. 


Vibrational assignment 
CH, vibrations 

The CH, stretching bands are easily identified in the three bands at 2930, 2917 
and 2858 cm, on account of their insensitivity to change of state and isotopic 
substitution. The two bands at 2917 and 2858 cm are polarized in the same 
direction (+-) and corresponding to the 2858 em~! band is a polarized Raman line 
which clearly establishes its assignment to the A, class. Consequently the 2917 
em~ band must be assigned to a B, vibration, and the 2930 em~ band, polarized 
at 90° (—), thus corresponds to a B, vibration. 

According to the C,, point group another CH, stretching vibration must be 
inactive in infra-red; we have chosen as A, vibration the strong Raman line 
observed by Koniravuscu and [3] at 2891 

The absence of this band in the infra-red spectrum is a strong argument in 
favour of the cis-structure; but it should be noted that, although reported as 
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“strong” by Koniravuscn and Kérprr, the band has not been observed by CHouD- 


HURI 
Eight CH, deformation vibrations are to be expected, distributed among the 
different symmetry species as shown in Table 3. 
Most of the corresponding absorption bands are correctly identified by comparing 
1 


the spectra of both isotopic species. For instance the bands at 1469 and 1456 em 


with opposite polarization and corresponding to the 1466 and 1455 em | bands of 
n-butane [8], are assigned to the CH, scissoring of A, and B, species respectively. 
The two bands at 1305 and 1298 em~, are also assigned [9, 10], by comparison 
with the 1304 and 1299 em~? bands of n-butane, to the CH, wagging motions of 
B, and A, species. 

The CH, rocking motions generally give rise to infra-red bands in the range 
730-720 em—, too weak to be observed in Raman. For n-butane according to the 


i2 

Cy, symmetry, only one band at 732 cm— has been observed. We have assigned 
the bands at 775 and 761 em~ to the CH, rockings; on the basis of their polariza- 
tion the first belong to the B, and the second to the A, class. 

As discussed before, the A, band should be inactive in infra-red; its appearance 
in the solid spectrum can be explained only by assuming a site symmetry C, or C,, 
subgroups of the C,, point group, in the crystal. This might indicate a gauche- 
structure with C, symmetry, though a final conclusion could be reached only with 
the help of a Raman spectrum of the solid. 

The assignment of the last two deformation bands, corresponding to CH, 
twisting modes, is less certain. 

In the infra-red spectrum of vapour and liquid ethylenediamine there is a 
rather strong band at 1360 cm~ corresponding to a Raman depolarized line in the 
liquid. This band remains unshifted by isotopic substitution. Although the band 
could be assigned to a CH, twisting mode, this is rendered less probable by the 
fact that it practically disappears in the spectrum of the solid. 

As discussed before this disappearance cannot be accounted for, if more than 
one rotational isomer is assumed to be present in the liquid phase. Experimental 
data confirm the existence of only one form: 

(1) It is the only band that disappears in going from the vapour and the liquid 
to the solid spectrum. 

(2) Its intensity does not change with temperature. 

(3) The dipole moment of ethylenediamine is invariant over a range of 100°C, 
We have no convincing explanation of the vanishing intensity of this band in the 
solid spectrum, but it seems to us that its assignment to the CH, twisting mode of 
B, species is the only possible interpretation. As the CH, twisting of A, class we 
have selected the weak band at 1282 cm~ in the spectrum of ethylenediamine-d,. 


NH, vibrations 
The discussion of the NH, stretching modes is similar to that of the CH, groups; 
only three very sharp bands are observed in the infra-red spectrum of the solid at 
81 G. J. Szasz. N. Suerrarp and D. H. Rawk, J. Chem. Phys. 16, 704 (1945). 


6) J. K. Brown, N. SHEPPARD and D. M. Soupson, Discussions Faraday Soc. 9, 261 (1959). 
(10) D. W. E. Axrorp and D. H. Rank, J. Chem. Phys. 17, 430 (1949). 
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3335, 3246 and 3171 cm~! (see Fig. 4), and these, on the basis of their polarization, 
are assigned to B,, A, and B, species, respectively. In the spectrum of ethylene- 
diamine-d, four bands are observed in the ND, stretching zone, two of polarization 
(—) at 2498 and 2479 em~ and two of polarization (+) at 2411 and 2342 em-, 

The last two bands undoubtedly belong to the A, and B, class, respectively, and 
correspond to the bands at 3246 and 3171 em~ of the light isotopic molecule. Of 
the first two bands one corresponds to the ND, stretching of B, class and the other 
to the combination band »,,(B,) + ¥;(A,), probably in Fermi resonance with the 
fundamental. 

The description of the NH, deformation modes is similar to that given for the 
CH, vibrations and is shown in Table 3. The assignment of these vibrations has 
been made with the help of the one given by Gray and Lorp [5] for methylamine 
and by comparison with the spectrum of the deutero amine. 

The NH, scissoring motion gives rise to bands around 1600 cm; a strong 
band appears at 1595 cm~! in the spectrum of the liquid and splits into two bands 
with different polarization in the spectrum of the crystal. The first band at 1608 
em~ is very strong and belongs to the 5, class; the second one is weaker and 
belongs to the A, class. 

In the spectrum of the crystalline deutero amine only one band has been 
observed at 1191 cm~. It is very strong when the polarization corresponds to the 
(—) orientation and rather weak when it corresponds to the (+). 

In the case of methylamine the NH, wagging band is the most intense of the 
spectrum and appears at 780 em~!: by isotopic substitution it is shifted in a ratio 
of 1-25. 

In the spectrum of gaseous ethylenediamine the two NH, wagging motions 
give rise to a very intense band with peaks at 739 and 727 cm~. In the spectrum 


of the liquid this band is shifted towards higher frequencies, into an extremely 
broad and intense band with a maximum at 902 cm~!: in the solid spectrum this 


splits into two components, the first polarized (—) of class B, and the second 
polarized (+-) of class A,. It is easy, qualitatively, to account for the extreme 
intensity of the NH, wagging bands. In this type of motion (see Fig. 8) the hybri- 
dization of the nitrogen valences changes from an sp* to an sp® state, with a large 


sp? sp? 


Fig. 8. Change of the hybridization of the nitrogen valences in the NH, wagging vibration. 
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variation of the dipole moment, due to the disappearance of the dipole moment 
associated with the lone pair electrons [11]. 

In the ethylenediamine-d, spectrum the two ND, waggings appear at 765 and 
761 em~!, with a product rule ratio of 1-25 and 1-21. There is also, at 734 cm~', a 
third, very intense band with no corresponding band in the spectrum of the light 
isotope. 

The intensity of this band and the fact that the two NH, waggings have a 
separation of 32 cm~', while the ND, waggings show a separation of only 4 cm~, 
suggest the hypothesis of a Fermi resonance between the ND, wagging of A, 


species and a combination band located between 750 and 730 cm, like », — v9. 
Assuming therefore a value of 745 em~ for the ry, fundamental, the product-rule 


ratio increases to 1-24. 

These values of the ratio are, as for methylamine, very low and the observed 
product rule is therefore lower than the calculated one. As pointed out by Gray 
and Lorp [5] for methylamine and by HALveErRsown [12] for ammonia, this discre- 
pancy is due to the strong anharmonicity of the inversion-type motions. 

The assignment of the NH, twisting motions, like that of Gray and Lorp for 
methylamine, is less certain. These authors assigned to the NH, twisting mode a 
band at 1416 cm! in the spectrum of the gaseous methylamine and from the 
product rule calculated a value of 1090 cm~! for methylamine-d,. 

In the spectrum of ethylenediamine, between 1470 and 1100 cm~, there are 
in addition to the bands discussed above and assigned to CH, motions two weak 
bands at 1409 and 1249 cm~! which disappear with deuteration. Of these only 
the 1249 em~! band has the right type of polarization (-+-) for a fundamental of 
B, species and has therefore been assigned to the twisting mode of this class. The 
1409 cem~' band fits the B, species overtone, rg + Pag. 1419 em~'!, very well. The 
other NH, twisting mode is inactive in infra-red for a C,, point group and has not 
been identified. 

The last two NH, motions are best described as a torsion of the NH, group 
with respect to the C—N bond and are to be found at very low frequencies, below 
the limit of approximately 350 em~! imposed by the use of KBr windows. In the 
case of methylamine the NH, torsion has been assigned to a band at 264 em~; in 
the Raman spectrum of liquid ethylenediamine a weak line has been identified at 
327 cm! and very likely corresponds to one of these motions. 


Skeletal vibrations 

The six vibrations of the NCCN skeleton are divided into three A, vibrations, 
namely two stretchings and one bending, two B, vibrations, one stretching and 
one bending, and one A, bending vibration. 

The stretching of the NCCN group is localized in the range 1100-800 em; 
in this zone three bands appear with polarization (+-) at 1104, 980 and 828 cm~ 
and one with polarization (—) at 1065 em. 

The 828 cm~! band has been eliminated for reasons to be discussed later. We 
have therefore assigned to the two stretchings of A, species the bands at 1104 and 


[ll] D. F. Hornie and D. C. McKean, J. Phys. Chem. 59, 1133 (1955). 
[12] F. Hatverson, Revs. Modern Phys. 19, 87 (1947). 
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980 cm~, which in the spectrum of ethylenediamine-d, are shifted to 1003 and 
973 

The 1104 cm~ band has been assigned to the CN stretching and the 980 em- 
band to the CC stretching; this distinction is, however, largely approximate, 
because of the strong coupling between the two normal modes. 


Table 3 


Symmetry Approximate CH,—NH, CH,—ND, 
species description CH, NH, CH, ND, 
NH, stretching 3246 2411 
CH, _ stretching 2858 2862 
NH, _ scissoring 1597 1191 
CH,  scissoring 1469 1469 
CH, wagging 1298 1313 
CN stretching 1104 1003 
cc stretching 980 973 
NH, wagging 920 745 
NCCN bending 468 455 


NH, _ stretching 

CH, stretching 

NH, _ twisting 

CH, twisting 

CH, rocking 761 
NH, _ torsion 

NCCN torsion 186 


NH, stretching 3171 2342 
CH, stretching 2917 2916 
CH, twisting 1360 1356 
NH, _ twisting 1249 923 
CH, rocking 775 775 
NH, torsion 327 


stretching 3335 2479 
stretching 2930 2926 
9 scissoring 1608 1191 
CH, scissoring 1456 1456 
CH, wagging 1305 1320 
CN stretching 1065 1067 
NH, wagging 951 765 
NCCN bending 510 


The 1065 em- band, which is left unshifted by deuteration (1067 cm!) has 
been assigned to the B, species CN stretching. 

No doubt exists in assigning the 468 cm! Raman polarized line to the A, 
species bending; it corresponds to the 432 em band of n-butane and is shifted in 
the spectrum of the deutero amine to 455 em~!. The Raman line at 510 cm~ has 
been assigned to the B, bending mode. This vibration is very sensitive to the 
molecular structure, being generally very low for 1:2-disubstituted ethanes in the 
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trans-form (n-butane [8]: 365; 1:2-dichloroethane [13]: 223; chloridrine {14}: 
394 cm-!), but already increasing in frequency for the gauche-form (1:2-dichloro- 
ethane: 411; chloridrine: 477 em~). 

The Raman line at 186 cm~ has been assigned by BELLANATO to a skeletal 
torsion of A, class; the corresponding band has not been observed in the spectrum 
of n-butane, but in the gauche-dichloroethane appears at 125 cm™. 

In Table 3 is listed the proposed assignment and in Table 4 are collected over- 
tones and combination bands which appear in the spectrum with a noticeable 


intensity. 


Table 4. Overtones and combination bands in the crystal 


Et hy lenediamine Ethy lenediamine-d, 
obs. cale. obs. cale. 
2388 1469 920 2580 1552 791 761 1552 
2190 1104 2 2208 1490 1003 510 1513 
2107 1597 510 2107 270 775 510 1285 
9032 1065 2045 1016 510 1020 
1500 761 2 1522 956 510 455 965 
1409 951 168 1419 910 455 2 910 
1376 920 168 1388 
1202 1 
1085 761 327 1088 


There remain the 828 em~ band for normal ethylenediamine and the 791, 860, 
$46 and 608 cm-! bands for deutero ethylenediamine. The intensity of the 828 
em and of the 791 and 608 cm bands changes with the degree of hydration of 
the sample. For ethylenediamine and ethylenediamine-d, not distilled over sodium 
these bands are the strongest in the spectrum, but after several distillations they 
became very weak, and are therefore assigned to the monohydrate ethylenediamine. 

The two bands at 860 and 846 cem~! do not correspond to bands of the normal 
ethylenediamine; they could be assigned to the wagging motions of the partially 
deuterated amine, or possibly, to a combination of the wagging ND, with a lattice 
frequency of about 100 em. 


13) I. Nakacawa and 8S, Mizvusuima, J. Chem. Phys. 21, 2195 (1953). 
14) S. Mizusuma, T. T. Mryazawa, K. Ape and M. Yasui, J. Chem. Phys. 19, 1477 
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Abstract—The infra-red and ultra-violet spectra of series of 8-diketone chelates were recorded 
and the variations interpreted in terms of type of the bonding involved. The infra-red shifts 
were related to the stability constants of the complexes formed as measured by Bjerrum’s 
potentiometric method, whereas the ultra-violet spectra seem to depend on the spatial configura- 
tion of the orbitals involved. Assignments are proposed for the different absorption bands of the 
spectra, and resonance effects through the chelate ring are discussed. 


Introduction 
InN THE course of a comparative study of chelates formed by polymeric ligands and 
low molecular weight model compounds, we were interested in determining the 
nature of the complexes formed by polymethacroylacetone (PMA) and its low 
molecular weight analogue, pivaloylacetone (PA), as well as those of the 
corresponding monomer, methacroylacetone (MA). 


CH, CH, 
CH,—C—CH, 


O 


where 300 


PMA PA 


In order to get a representative variety in the type of bonding, we studied the 
chelates formed by the above diketones with the following metals: magnesium, 
manganese, nickel, zinc, copper and urany!. 

Both infra-red and ultra-violet spectra showed a definite dependence on the 
nature of the metallic cation involved in the complex. This paper presents the 
results of infra-red measurements. 
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Experimental * 

Methacroylacetone and its polymer were prepared from acetone and methyl 
methacrylate as described earlier [1]. Pivaloylacetone was synthesized following 
the procedure of Apams and Havser [2}. The low molecular weight chelates were 
obtained by partial neutralization of equivalent (1/2) mixtures of metal ion and 
diketone. The products were recrystallized in aleohol or alcohol-water mixtures. 

The polymeric chelates which could not be recrystallized were thoroughly 
washed with water to eliminate the metallic salts used for preparation. 

The infra-red spectra were taken between 1500 and 1200 em~! as Nujol mulls 
with the Perkin-Elmer 112 G prism-grating spectrometer, giving a wave-number 
reproducibility of 1 em~*. In the regions of strong Nujol absorption bands, mulls 
of hexachlorobutadiene were used. Absorption from atmospheric water vapour 
was avoided by flushing the apparatus with air dried on activated alumina. 


Results and discussion 

The infra-red spectra are gathered in Figs. 1-3. The assignment of the most 
important absorption bands of similar compounds has already been discussed by 
many authors [3-7]. 

Although still questioned by several workers, the attribution of the 1600-1560 
em-! band to the C—O vibration and of the 1515 em band to the C=C vibration 
seems the most likely one. This point of view is supported by the work of DryDEN 
and Wrxston [7], who displaced the 1515 em~ absorption band by substitution of a 
bulky group on the C, carbon of the diketone, and also by the discussion of some 

taman spectra given by LecomTe 

These results are still enhanced by the definitely different behaviour of the two 
hands when changing the nature of the metal. The 1600 em~ band, attributed to 
the C—O vibration may undergo three different influences: 

(a) The three diketones are practically completely in the enol form, which 
allows a cyclization by hydrogen bonding (see the formulae given above); this is 
shown by the lack of any significant absorption at 1700 and 1720 cm! and the 
presence of a strong band in the 1600 cm~ region [8]. 

(b) A conjugation effect arises in the methacroylacetone and its chelates from 
the presence of the 2-isopropenyl group; the usual lowering in frequency is 
observed: the centre of the band is at 1584 cm~ for the methacroylacetone while 
it is at 1605 cm~! for the polymethacroylacetone and at 1607 cm~ for the piva- 
loylacetone. Shifts occur in the same direction for the corresponding chelates. 
This effect is greater for the pure diketones (21 em~') than for the chelates for 
which a mean value of 11 em was found, the shift observed decreasing with 


* With the collaboration of E. Mriruwa. 

P. Teyssre and &. SMETS, Vakromol Chem 26. 245 (1958), 

*\ J. T. Apams and C. R. Hauser, J. Am. Chem, Sor 66, 1220 (1944). 

2) J Lecomre, Discussions Faraday Soc. 9, 125 (1950). 

J. Beuitamy and L. Beecwer, J. Chem. Soc. 4487 (1954). 

J. and R. F. Brancn, J. Chem. Soc, 4491 (1954). 

6) H. F. Hourzciaw, Jr. and J. P. Coreman, J. Am. Chem. Soc. 79, 3318 (1957). 
I 
A 


71R > Drypewn and A, Winston, J. Phys, ¢ hem. 62. 635 (1958). 
M .C. pe Witpe-Detvavx and P. Teyssit, Spectrochim. Acta 12, 289 (1958). 
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increasing stability of the corresponding chelate. We suggest that this conjugation 
effect weakens as the resonance possibilities increase in the chelate ring. 

(c) A direct relationship was observed between the extent of the shift of the 
C—O absorption frequency in the chelate derivatives of a given diketone and the 
formation constant measured by potentiometric methods [9]. Fig. 4 illustrates this 


§ 


Infra-red spectra ot me thacroy lacetone complexes, 


relationship.* A similar effect was already considered by Brtiamy [5] and 
Hourzciaw [6]; the first author was able to detect such a relation for salicyl- 
aldehyde chelates but not for diketone ones, while HoLrzcLaw pointed out a 
parallelism between frequency and stability of acetylacetone chelates of several 
metals, with, however, an erratic behaviour for nickel. 

Each of the three diketones investigated here exhibits the same relationship; 
the relation holds for all the cations studied excepting manganese for which the 
frequency shift is a little too high. 


* When the C =O characteristic absorption band exhibited a more or less pronounced shoulder, the 
frequency of the centre of the band was retained. 


(9] M. T. Teyssré and Teyssré, J. Polymer. Sci. In press. 
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The C—C vibration undergoes a drastic lowering of frequency by replacement 
of the proton by a metallic cation. In the free diketones, we found this frequency 
at 1609 em~! for the methacroylacetone while it appears as a shoulder at 1598 em~ 
for polymethacroylacetone and pivaloylacetone. By replacement of the proton by 
a metallic cation, the frequency shifts to a value located between 1513 and 1523 
em~', practically irrespective of the nature of both the ligand and the metal. 


Fig. 2. Infra-red spectra of polymethacroylacetone complexes. 


This important shift due to the presence of a metal may be partly attributed to 
a mass effect: a very rough calculation was done on a model with three masses 
corresponding respectively to the 3- and 4-carbon atoms and the OH or OM group: 


CH—C—OM 
A fairly reasonable value of 7 « 10° dyn/em was taken for the C—C force constant 
and 5 10° dyn/em for the C—O force constant. A value of 1570 cm- was 


obtained for the C—C vibration frequency of the free diketone (observed 1598) 
shifting to 1558 em~ for a chelate with a metal of atomic weight 60 (found 1518), 
to 1555 em~— for a metal of mass 270 and to 1549 cm for infinite mass. Hence, the 
mass effect alone does not account for the whole shift observed. A reasonable 
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Fig. 3. Infra-red spectra of pivaloylacetone complexes. 
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stability of the complexes and the shift of the C—O 


Fig. 4. Relationship between the 
absorption frequency. 
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explanation could be the enhanced resonance possibilities in the metal chelate 


ring vs. the free diketonic ring: 


This resonance could lower the frequency of the C=C vibration in the usual 
direction and account for the additional shift observed. 
A set of other characteristic absorption bands received the following assignments: 
(1) The isopropenyl group of the methacroylacetone is responsible for four 
sets of characteristic absorption bands. One between 1440 and 1395 cm~ is due 
to the CH, deformation vibration. The band between 1644 and 1634 cm~! cor- 
responds to the C=C stretching. The frequency of these bands seems to be a 
function of the stability of the chelate ring, the frequency decreasing with the 
increasing stability. In the 3100 and 900 cm~! regions, absorption bands are 
found which correspond, respectively, to the CH stretching and the out-of-plane 


CH vibration. 


(2) The tertiary butyl group of the pivaloylacetone is responsible for a set of 


three absorption bands located at about 1376-1411, 1361 and 1285 em™'. 

(3) The —CH, vibrations common to the three ligands are found as expected 
around 1445 and 1375 em™. 

(4) All the products investigated exhibit a medium absorption in the region 
of 1230 em~, where are found usually the C—O absorption bands. This band is 
located at 1214 cm~ for the methacroylacetone, 1221 cm~' for the pivaloylacetone 
and 1232 em~! for the polymethacroylacetone, while it is found at 1229 + 3 em! 
for methacroylacetone chelates, 1230 + 4 em for pivaloylacetone chelates and 

237 10 em~" for polymethacroylacetone chelates. Ifthe band is to be attributed 
to the C—O vibration, the absence of important shift between the free ligand and 
the corresponding chelates could be ascribed to the antagonist character of the 
two effects involved, namely a mass effect which is due to the metal and lowers the 
frequency, and a resonance effect which shortens the C—O bond length and 
increases the frequency. Let us consider as an illustration three chelates of piva- 
loylacetone. The copper and uranyl chelates have about the same stability: 
values of 11-06 and 11-11, respectively, were found for the half log of the overall 
formation constant. As a result the mass effect plays the first role and the fre- 
quency shifts from 1234 cm~ for the copper chelates to 1231 for the uranyl. On the 
other hand, copper and nickel have about the same masses while the nickel chelate 
is much less stable than the copper one: 7-80 vs. 11-06. As a result, the frequency 
is lower in the nickel chelate: 1228 cm™'. 

However, this interpretation is still dubious since X-ray studies of tris-(acetyl- 
acetonato)-iron(II1) [10] and bis-(acetylacetonato)-Cu" [11-13] seems to prove the 
{10} R. B. Roor, Jn., Acta Cryst. 9, 781 (1956). 

11) E. A. SHucam, Doklady Akad, Nauk, S.S.S.R. 81, 853 (1951). 

(12) H. Kocama, Y. Sarro and H. Kuroya, J. Inst. Polytech. Osaka City Univ. C 4, 43 (1953). 
(13) S. Surpata and K. Sone, Bull, Chem. Soc. Japan 29, 852 (1956). 
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equalization of the pair of CO distances, by an enolate-type resonance: 


C—O 


Conclusions 
A definite relationship is now established between the vibration frequency of 
the C=O bond and the stability of the complex involved, i.e. the nature of the 


metal. 

The shifts observed enhance the possibility of a certain amount of resonance 
through the metal atom involved in the ring. 

However, the equalization of the two C—O bonds of the ring through this 
resonance remains questionable; if the few X-ray studies published on the question 
seem to favour this hypothesis, the shifts observed in the infra-red spectra, 
although significant, are not important enough to support this point of view. 


Acknowledgement—One of the writers (P. T.) is indebted to the Van’t Hoff Foundation 
(Amsterdam) for financial support. 
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Abstract—Comparing the infrared and Raman spectra of the stretching vibrations of NH,* in 


several crystalline ammonium salts, the fundamental frequencies of the free ion are estimated 


to be vy, > 3250 em 1 v, > 3350 em 1, Some factors susceptible to lower these frequencies in the 


solid state and in solution are discussed. 


Les valeurs des fréquences fondamentales de vibration des molécules s’‘obtiennent 
a partir des spectres de diffusion Raman et d’absorption infrarouge de la substance 
a l'état de vapeur, compte tenu éventuellement de la correction d’anharmonicité. 
Pour les ions complexes, les conditions d’une mesure satisfaisante des fréquences 
fondamentales sont plus difficiles 4 définir, parce que leurs spectres de vibration 
ne peuvent s’étudier que dans un milieu condensé, solvant ionisant ou cristal. 
Dans ce cas, une définition correcte de ces fréquences nous parait étre la suivante. 
Soit S la symétrie d’un ion complexe I de composition donnée, supposé seul dans 
l’espace. Supposons que cet ion soit environné, dans un cristal, par des ions de 
signe contraire, en nombre tel que l‘entourage conserve la symétrie S; si cet 
assemblage s'écartait de I en gardant la méme symétrie, les fréquences de vibration 
de I tendraient vers des valeurs que l'on pourrait regarder comme se rapportant 
a lion “‘libre’’ et qui permettraient de calculer les constantes de force déterminant 
les spectres de vibration. 

Les précautions prises dans la définition précédente ne semblent pas pratique- 
ment utiles dans le cas d’ions tels que ClO,~ ou SiF,?~, trés peu déformables, car 
l’expérience montre qu’ ils conservent peu prés les mémes fréquences fondamenta- 
les, quel que soit le composé dans lequel ils sont engagés. I] n’en est pas de méme 
dans le cas de NH,*, dont les vibrations sont trés anharmoniques et qui peut 
former des liaisons par | hydrogéne avec des anions ou des molécules qui l’entourent. 

L’ion NH,*, s'il posséde la symétrie d'un tétraédre régulier, doit avoir quatre 
fréquences fondamentales de vibration, désignées dans la notation de HERZBERG 
[1] par v,(simple), v,(double), », et », (triples). Les vibrations », et v, sont dues aux 
variations de longueur des liaisons N—H. La vibration », est active en absorption 
et en diffusion; elle peut cesser d’étre triplement dégénérée dans les cristaux ot la 
symétrie propre de l'ion NH,* est abaissée, en donnant plusieurs vibrations actives. 
La vibration v, est inactive en absorption et active en diffusion; elle est simple, et, 
quelle que soit la composition de la maille cristalline, donne toujours au moins une 
raie de Raman polarisée et forte, facile a identifier avec certitude, lorsque la colora- 
tion des cristaux ou |'impossibilité d’en obtenir des échantillons volumineux ne 
sopposent pas a ]’étude du spectre de diffusion. 

Le Tableau 1 donne les valeurs des fréquences », et », obtenues par divers 


[1) G. Hexzperc, Infrared and Raman Spectra. Van Nostrand, New York (1945). 
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auteurs A partir de l'étude du spectre de diffusion de monocristaux, a la température 
ordinaire. Les données sans référence résultent de mesures nouvelles. La fréquence 
y, apparait toujours plus faiblement que », en diffusion; elle n’a pu étre observée 
dans le spectre de tous les sels. Par contre. elle est forte dans le spectre d’absorption 


Tableau 1 


Symetri Symetrie Distance NX Vg Vs 


Anion du cristal de NH, A diffusion diffusion absorption 


Cs 2,66 284514 3040a3140/ 4 810014) 
Cl 0,3 3,3 3042 [5 3115 a 3165 312819 
Br 3,50 3055 [5 3126 3120 [9 
0,” 3,62 3075 [5 3127 3130 [9] 
SCN Us, 8050 16 2140 et 3120 et 
3220 16 321516 
HF, V,’ Us 2.82 a 3,1 3000 8140710 
NO, 3150/10 
SnBre 0,” V4 3L80 
Alun T,° C 2,94 3120 3200 


3230, SLS8O et 


3270 
Dy! 3,25 3240 
FeF, 0, O, et T, 2.6 et 3,2 3055 et 3240 


2070 et 3260 


~ 3100 et 


irCl, 3,48 3245 
BeF, 2.79 A 3.04 3160 3275 3070 et 3250 
SO, 3160 3210 3220 
SnCl, 0,5 3.55 3162 [5 3245 [5 3242 
PO,H, S, 2,87 3170 (8) 3239 


3206 


infrarouge. Nous avons étudié ce spectre sur des sels, purifiés par plusieurs 
cristallisations, pulvérisés et séchés lorsqu'il y a lieu, en dispersion dans la paraffine 


ou dans l’hexachlorobutadiéne, a l'aide d'un spectrométre de Perkin Elmer no. 112, 
a prisme de LiF.* Les résultats des mesures sont également contenus dans le 


* L’usage de KBr comme milieu dispersant est a eviter 2) C'est peut-étre a son emploi que SVaTos 


et al. (3) doivent estimation inexacte de la fréquence de NH,F. 


2) J. A. A. Kerecaar, C. Haas et J. van per Evskxen, J. Chem. Phys. 24, 624 (1956). 
31G. F. Svatos, C. CURRAN et J. V. QUAGLIANO, J. Am. Chem. Sor 6159 (1955). 
4\ J. P. Marurev, Compt. rend. 240, 2508 (1955). 

5) L. Courvure et J. P. chim. phys. 4, 226 (1952). 

6] A. TRAMER, Compt. ren 1, 249, 2755 (1050) 

7| D. Perot, H, et J. P. Mararev, Compt. rend. 248, 1303 (1956). 

81 J. CHAPELLE. Bull. soc. franc. mineral, et crvst 73, 511 (1950). 

9) L. F. H. Bov Ey, J. Opt, Soe Am 41, 836 (1951). 

10} T. Cc WADDINGTON, J. Chem. Soc. 4340 (1958). 
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Tableau 1. La symétrie des cristaux, la symétrie de site des ions NH,* et la 
distance de l'atome N aux atomes les plus voisins y figurent aussi, ces données 
étant empruntées aux Structure Reports. On voit que les fréquences ¥, et v5 
dépendent beaucoup de la nature du sel d’ammonium considéré. Les fréquences 
de déformation angulaire v, et v, subissent des variations bien moins importantes 
et nous ne les examinerons pas. Les valeurs suivantes (en cm~) des fréquences 


fondamentales sont généralement admises [1] pour lion de symétrie 7, 


"3 
3033 1685 3134 1397 (1) 


Si on les regarde comme représentant les fréquences de l’ion libre, il est intéressant, 
comme !’ont fait plusieurs auteurs, de les comparer a celles de la molécule NH, 
également libre et, en particulier, d’expliquer l'abaissement considérable des 
fréquences vy, et vy, de NH,* par rapport aux fréquences homologues de NH;,: 
(double) ~ 3450 [1]. 

En réalité, les fréquences précédentes de NH,* sont simplement relatives au 


y, (simple) 3336 cm™! et 1 


sel d’ammonium le plus commun, NH,CI, et nous ne pouvons leur attribuer aucune 
importance particuliére. Puisque, dans tous les sels du Tableau 1, les actions 
exercées sur l'ion NH,* par son entourage peuvent seulement produire, comme 
nous allons le voir, une diminution des valeurs de y, et de v,, nous sommes conduits 
& estimer que ces fréquences ont dans lion NH,* libre, des valeurs supérieures aux 
plus élevées que l'on mesure dans les cristaux cubiques de NH,PF,, soit: 


v, > 3250 > 3350 (2 


Si done une diminution des fréquences de tension NH se produit en passant de NH, 


a NH,*, elle ne dépasserait pas, selon nos vues, une centaine de em". 


Nous sommes ainsi conduits A examiner Jes arguments qui justifient les valeurs 


(1) des fréquences propres de lion NH,*. On admet souvent [3, 11] que c'est la 
formation d'une quatriéme liaison de coordination par l'atome d’azote, en passant 
de NH, & NH,*, qui est presque entiérement responsable de l’abaissement des 
fréquences ¥, et vy, l’ordre de la liaison NH dans NH,* étant 4/5|12]. Ona comparé 
effet d’addition d’un proton a NH, a celui de la coordination de NH, a un atome 
métallique M pour former des cations complexes du type {M(NH,),]. On trouve 
11, 13] une diminution de la fréquence », de NH, variable suivant la nature du 
métal M. La valeur la plus faible mesurée par CaGLioTTi est 3280 em~! pour le 
composé [Co(NH,),)Cl,; nous en avons trouvé une plus basse encore pour le 
composé analogue 


vy, (diffusion) = 3060 10 y, (absorption) = 3117 et 3220 


Dans la formation des ammines complexes, comme dans celle de l‘ammonium, il y 
a hybridation des orbitales de l'atome N, qui donne un électrou a lion métallique 


M. Kopayasnut et J. Fusrra, J. Chem. Phys. 23, 1354 (1955). 
W. Gorpy. J. Chem. Phys. 14, 305 (1946). 
V. Cacuiott, P. Sucvesrron1, G. Sarrort et M. Scrocco, Ricerca sei. 26, 1743 (1956). 
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M ou au proton H; plus le métal est électronégatif, plus la diminution des fré- 
quences de tension NH est importante. 

Nous pensons cependant que la comparaison précédente néglige un facteur 
important: la stabilisation de NH,* par résonance. Dans les différents états 
d’hybridation de l’atome C, on observe que la constante de force de la vibration 
CH augmente parallélement a énergie de la liaison. On peut penser que le méme 
paralléle existe pour l’ion N* qui, étant isoélectronique de l’atome C, doit former 
des liaisons de méme nature. Or, la valeur moyenne de |’énergie de la liaison NH 
est 83,5 kcal/mole dans NH, et 114 keal/mole dans NH,* [14] ce qui, si nos vues 
sont justes, impliquerait une augmentation des fréquences de tension NH dans 
NH,*. La comparaison entre C et N* suggére, en outre, un accroissement relatif 
du caractére s des liaisons NH, en passant de NH, a4 NH,*, ainsi que l’ont déja 
supposé SAKURAI et TomigE [15]. 

Nous admettons done que les variations observées pour les fréquences », et v, 
dans les sels d’ammonium cristallisés sont des abaissements par rapport aux 
fréquences propres de lion NH,* et sont dues aux actions exercées sur lui par son 
entourage, en particulier a la formation de liaisons par Vhydrogéne. On sait [16] 
que la théorie électrostatique de ces liaisons explique que les fréquences de tension 
des groupes hydrogénés diminuent et que leurs fréquences de déformation angulaire 
augmentent, & mesure qu'un anion ou que l’extrémité négative d'une molécule 
polaire s'approche des atomes H. Dans ce qui suit, nous chercherons 4 mettre les 
changements de fréquence observés en relation avec les propriétés des anions et 
les particularités de structure des cristaux. 

Nakamoto et al. [17] admettent que dans le sel NH,|B(C,H,),| il ne peut se 
former de liaison par l hydrogéne* et en concluent que la fréquence », NH, qu’ils 
observent vers 3100 cm~! dans le spectre infrarouge, représente la fréquence de 
tension NH libre pour l'azote tétracoordonné. Wappinetron [10] indique 3222 


em~! pour la méme fréquence d’absorption. Pour nous, méme cette derniére 


valeur est trop basse. I] se peut que, malgré la faible électronégativité des cycles 
C,H,, leur forte polarisabilité (voisine de 10~** em*) soit cause de la diminution de 
la fréquence NH. 

Une indication sur la grandeur des actions électrostatiques subies par l’ion 
NH, * dans un réseau cristallin est donnée par la mesure des distances entre l'‘atome 
N et les atomes X les plus voisins. La faible distance mesurée dans NH,F est 
considérée [18] comme la preuve de l’existence de liaisons hydrogéne. La structure 
cristalline de NH,F est déterminée par la formation de liaisons N—F par les 
tétraédres NH,* et la distance N—F (2,66 A) est beaucoup plus petite que la 
distance Rb—F (2.81 A) dans les cristaux cubiques. 

Toutefois, le critére précédent ne suffit pas & expliquer les variations qui nous 
intéressent, ainsi que le montrent les faits suivants. En premier lieu, si l’on 


* Voir cependant G. C. Prwenrer et A. C. McCietitan, The Hydrogen Bond p. 202. Freeman, 
San Francisco (1960). 


4) Y. K. Syrxen et M. E. Dyarxina, The Structure of Molecules. Butterworths, New York (1950). 
5] R. Sakurai et Y. Tomise, Acta Cryst. §, 293 (1952). 
6) E. Baver et M. Maaart, J. phys. radium 9, 319 (1938). 

<. NAKAMOTO, M. Marcosues et R. E. Runpie, J. Am. Chem. Soc. 77, 6480 (1955). 

. Pauitine, The Nature of Chemical Bond, Cornell University Press, New York (1944). 
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considére Jes autres halogénures d’ammonium que le fluorure, les distances N—X 


sont tres peu différentes des distances Rb—X, malgré la différence du groupe de 


symétrie qu'on observe pour le chlorure et le bromure (O,° pour Rb, O,' pour NH,). 
Mais cette différence permet 4 chacun des quatre atomes hydrogéne de NH,> de se 
trouver dirigé vers un ion halogéne. Dans l‘iodure d’'ammonium, qui a la structure 
de NaCl, la symétrie cubique ne peut étre réalisée que de facon statistique [5). 
Enfin. les sels de rubidium et d’ammonium des anions SiF,, SnCl,, PtCl, sont 
isomorphes, comme I'a fait remarquer WADDINGTON [10] et les distances de l'atome 
central de l'anion a l'atome N ou Rb sont trés voisines l'une de l'autre dans chaque 
sel 

En second lieu, on ne trouve pas de corrélation réguliére entre les valeurs de la 
irequence r, et celles des distances N—X d. comme le montrent les nombres 
suivants. relatifs aux cristaux dans lesquels X désigne le fluor. Cependant, 


lintluence des distances interatomiques sur les frequen es de NH, . toutes choses 
égales d’ailleurs, est rendue manifeste par l'étude des cristaux de (NH,),(Fe F,) et 
de (NH,),(AIF,). Les ions NH,~ y forment deux familles; dans l'une, lion a pour 


svymetri le site O, et il est entouré de six atomes F. distants de 2,54 A: dans l'autre, 


il a la svmetrie 7’, et il est environné de douze atomes F A la distance 3,16 A. La 


vibration v,, qui demeure triplement dégénérée, donne naissance A deux bandes 
d’'absorption étroites et symétriques, situées a 3055 et a 3240 quil est 
naturel d’attibuer respectivement a chacune des deux familles de NH,*. Dans le 
spectre infrarouge du composé (NH,),/Co(NO,),], dont la structure est du méme 
type que c lle des précédents, on trouve une bande dont le maximum principal 


a 3230 em mais certainement double, le second maximum, qui se marque 
seulement par un épaulement, ¢tant situe vers 3100 em~! 

L’aptitude que posséde un atome X A former des liaisons par !hydrogeéne croit 
avec son électronegativite | 1S Lorsque X fait partie d'un ion complexe, son 
électronégativité est toujours inférieure a celle qu il montre a |’état dion libre; 
la charge négative qu'il retient est d’autant plus importante que la liaison qui 
unit A l'atome central A de lion complexe a un caractere ionique plus accentué, 
Partant des valeurs des électronégativités x des éléments données par PAULING | 18] 


x FeF \IF,* Fy HF, BF, Sil @ AIF, FeF, 
26 66 67 279 a 3.04 82a 3.1 2.86 3,39 2.97 3.17 3,24 
* tenu del rect n apportce aux donne primitives \ r Sfrunt Oe ht 1, 437 et 793 
VOL. 
1960 
\labk 
1.5 1.4 2.) 2.1 
5 4 2 2 1.0 


Les frequences fondamentales de vibration de lion NH, 


on s‘apercoit que l’ordre des valeurs croissantes de la fréquence y, est parallele 2 


celui des différences décroissantes xy — x,, comme le montrent les nombres 
suivants, ol X F. 
On trouve des variations analogues dans le cas ot X Cl et dans le cas ot 


l'on considére la fréquence 

Les conclusions précédentes s'accordent avec celles de Nakamoro et al. [17], 
qui trouvent que les fréquences de tension N H deviennent de plus en plus 
sensibles aux distances N—X a mesure que croit la charge de X. 

A cet égard, les ammines complexes se distinguent de l’ion NH,* en ce que la 
fréquence vy, est moins sensible aux variations de la nature de l’anion, ainsi que 


le montrent les nombres du Tableau 3, relatifs aux sels de [Co(NH;),]* 


Anion 


Cette différence est due a ce que la charge positive des atomes H dans NH, 


est supérieure a cé lle quils posséedent dans NH, et que les actions électrostatiques 


qu'il peuvent exercer sur leur entourage ou subir de la part de celui-ci sont plus 


importantes. * 

Wapprineron [10] a présenté la recherche des actions subies par lion NH, 
dans un réseau cristallin sous forme de l’alternative suivante: lion formerait des 
liaisons par | hydrogene ou tournerait librement. Dans le premier cas, on trouverait 
dans le spectre infrarouge une bande d’absorption, située vers 1800 em~', cor- 
respondant, suivant une hypothése faite par WAGNER et Hornic | 19], a la fréquence 
de combinaison de vy, avec une fréquence de libration v, inactive. La valeur de 
cette derniére, calculée par différence, serait comprise entre 260 et 520 cm. selon 
les cristaux. De plus, les fréquences v, et vy, ne demeureraient triplement dévénérées 
que dans le cas d'une libre rotation. 

Sous la forme précédente, les conclusions de WADDINGTON sont trop absolues. 
I] n'est, d’abord, pas exact que la dégénérescence triple soit liée a la libre rotation: 
si la symétrie de site de lion NH,* demeure au moins celle du groupe 7', comme 
cela a lieu dans certains cristaux cubiques du Tableau 1, il n'y a pas de raison pour 
que cette dégénérescence cesse. On ne peut done tirer sur ce point aucune con- 


clusion du fait que la bande », de NH,PF,, par exemple, est simple. I] existe un 


* Note « yuice a la corre on ‘ Les structures des ck NH,CI et che NH,B pa 
du type CsCl au type NaCl a des ter ratures superieul A 184°C et 138 C respectivement On d 
s’attendre a Cl que cette transformation s accompagne a un ffaiblissement des liaisons par | hydrogene 
de NH,* et par suit dune wementation de réquences de tension H. Ne 1VOrI | 
spectre d’absorption de couches ae NH,CI et de NH,Br p es dans un four et comprises entre ieux 
lames ce Lik ifin de ralentiu la sublimation et nous avons trouve poul y, des valeurs plus el ees qu a 


la température ordinatre 
NH,Cl: 3142 em 2004 
NH,Bi 3140 em a 150 


F. Hornia, J. Chem. Phys. 18, 296 (1950) 


| 
Tableau 3 
SO NO 
i Vs $215 $212 3198 3198 3223 
i Anion ClO, iF, BF, PF, 
$317 3315 3323 3342 
3 
| 
DE. L. Waerr 
70] 
4 
| 
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critére correct de la présence ou de l'absence de désordre d'orientation: c'est la 
mesure du facteur de dépolarisation des raies de Raman. Si les axes de rotation ou 
de libration des ions NH,* sont distribués au hasard, le facteur de dépolarisation 
des raies v,, v, et vy, qui ne sont pas totalement symétriques, doit étre égal a 6/7, 
quelle que soit l’orientation du cristal, lorsqu’on observe la lumiére diffusée 
transversalement, la lumiére excitatrice étant naturelle. Si, au contraire, les 
orientations moyennes de ces ions sont bien définies et que la symétrie qu'on peut 
leur attribuer est un sous-groupe de celle du cristal, le facteur de dépolarisation a 
des valeurs calculables et variables avec | orientation du cristal [20]. Or, pour les 
cristaux de SiF,, SnCl,, BF,, dans lesquels WappineTon admet la libre rotation 
de NH,*, la polarisation de la raie v,, en particulier, est en accord avec les prévisions 
faites pour la symétrie admise dans le Tableau 1. 

D’autre part, dans le cas de NH,SCN, Tramer [6] a montré que la bande a 
1670 cm~!, admise par WADDINGTON comme due + provient de », rendue 
active par abaissement de symétrie. I] faut done étre prudent dans la recherche 
des fréquences inactives au moyen de leurs combinaisons. I] n’en reste pas moins 
que le domaine de Ja fréquence »,, en particulier, est souvent riche en raies de 
diffusion [5] et d’absorption [9] que l'on peut interpréter comme des combinaisons 
avec des vibrations de réseau [6]. Ces combinaisons montrent que l’anharmonicité 
des vibrations de NH,* doit étre accentuée par la déformation de lion par son 
entourage, car elles existent principalement dans le cas ot la fréquence », a des 
valeurs faibles. 

Signalons encore qu'il existe un paralléle entre la largeur des raies de vibration 
de lion NH,* et la perturbation qu’il subit dans le réseau cristallin. Cette cor- 
rélation est difficile 4 mettre en évidence dans le spectre d’absorption des poudres 
cristallines, ou la finesse des grains et l'indice de réfraction du cristal par rapport a 
celui de Ja substance dans laquelle il est dispersé peuvent faire varier dans des 
limites considérables la quantité de lumiére diffusée. Mais elle apparait de fagon 
frappante dans le spectre Raman des monocristaux. Les raies », et surtout », ont 
l’aspect de bandes dans les spectres des halogénures; dans celui des sels dont la 
fréquence y, est supérieure a 3200 em~, les raies sont fines. Dans les spectres des 
sulfates et du nitrate, on observe des largeurs intermédiaires. 

Rappelons enfin une série d’observations que notre hypothése sur les valeurs 
des fréquences propres de NH,* permet d’expliquer. Woopwarp et Roperts [21], 
comparant les ions ou molécules isoélectroniques BH,~, CH,, NH,*, ont remarqué 
que l’accroissement des valeurs que subit la frequénce de vibration », et le coeffi- 
cient de rappel correspondant sont beaucoup plus grands lorsqu’on passe deBH ,~ 
& CH, que de CH, & NH,*, sans pouvoir donner de ce fait une explication bien 
satisfaisante. Mais si l'on adopte pour la vibration », de NH,* une valeur au moins 
égale & 3250 cm~', l’écart précédent est notablement réduit et devient comparable 
a celui qu'on observe en passant de SiCl, & PCI,~. 

Dans l’alun d’ammonium, |'ion NH,* est entouré de six molécules d'eau, au 
lieu d’étre environné par des anions comme dans les autres cristaux étudiés. La 
vibration », donne une bande de diffusion de nombre d’onde 3120 + 10 em~. 


20) L. Courure et J. P. Marnrev, Ann. phys. 3, 521 (1948). 
{21|) L. A. Woopwarp et H. L. Roperrs, J. Chem. Soc. 1170 (1956). 
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Les frequences fondamentales de vibration de lion NH,*+ 


L’action des moments dipolaires des molécules H,O produit done un abaissement 
important des fréquences de tension de NH,*. 

Nous avons étudié le spectre de diffusion de solutions de nitrate d’ammonium 
dans |’eau, & des concentrations ¢ comprises entre 1 et 10 moles/l. La vibration », 
donne naissance & une bande, large d’environ 250 cm~'!, dont le nombre d’onde 
reste & 3180 + 10 cm-', quelle que soit la concentration. I] se peut que des bandes 
plus faibles, provenant de la vibration »,, lui soient partiellement superposées. 
Une bande de diffusion due a l'eau existe 4 3465 + 5cem~'; des mesures faites 


5 
Concentration, moles 


Fig. 1. Variation de | intensité de la bande de diffusion y, de NH,* dans les solutions aqueuses 
de NH,NO,, en fonction de la concentration, 


dans des conditions d’excitation aussi constantes que possible, ont montré que 
l’intensité de cette derniére bande est approximativement constante pour toutes 
les solutions étudiées. La courbe qui représente les variations du rapport de 
lintensité J de la bande », a l’intensité /’ de la bande de l'eau en fonction de la 
concentration c est donnée sur la Fig. 1. Lorsque la concentration diminue, / 
commence par décroitre & peu prés proportionnellement a c, puis tend vers une 
limite. C’est qu’il existe 4 3200 cm~! une bande de diffusion de l’eau, plus faible 
que la bande 3465 cm~!, a laquelle la bande », est superposée. On sait que | intensité 
de la bande a 3200 cm~! varie peu lorsqu’on ajoute des nitrates a l'eau [22]. On 
déduit de ce qui précéde que l’intensité de la bande », en solution diminue plus 
vite que la concentration du nitrate d’ammonium. Cet effet est peut-étre da a la 
formation de liaisons entre NH,* et les molécules d’eau. Des mesures directes 
du transport de ]’eau dans |’électrolyse [23] ont montré en effet que cet ion est 
accompagné en moyenne de quatre molécules d'eau. 


[22] M. Macart, Ann. phys. 6, 208 (1936). 


[23] H. Remy, Z. phys. Chem. 124, 394 (1926). 
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Abstract The papel describes a simply constructed d.c. are source stabilized by an axial 
airstream surrounding the are column. It can he maintained for long periods emitting radiation 


consistent in both quality and in absolute intensity. It has been fo ind useful for plate calibration 


bv the line-group method and for comparative photometry in the ultra-violet. It has possibilities 
as an inter-laboratory reference source an 1 also. because of the ease of separating cathode and 
anode \ ypours and of extending the are column to several centimetres length, as a device for 


experimental study of the processes occurring in an open-are lischarge 


Introduction 
Tne source to be described was developed in 1942 in these laboratories and,with 
slight variations of form, has been used ever since mainly for calibrating plates by 
the line-group method, but occasionall) also for comparative measurements of 
plate speeds, ultra-violet transmissions, etc. The original conception was inspired 
by the efficacy of axial streaming as a stabilizing agent reported by Hasier and 
|, 2] who used ammonium chloride vapour as the carrier gas. More 


HARVEY > 
recently STALLWOOD [3] has also observed the same with an air-jet source developed 
to provide forced cooling of a compacted powder electrode. 

Our assembly is simpler than either of these since we aim merely to surround 
steady air stream of moderate velocity, high velocity being un- 
esirable for achieving a high degree of stabilization 


the are with a 
necessary and sometimes und 
with the type of are to which we have applied it. 


Experimental 
Construction 
In our commonest form of assembly the lower electri de is nickel wire of diameter 
in. (no. 10 s.w.g.) mounted centrally in a brass tube of internal diameter 


O-127 
1 \ plain T-piece tube may be used, but the form with a sleeve 


7. in. at the orifice. 
insert as shown in Fig. 1 is more reliable for producing a streamlined flow of air. 
The upper electrode may be of nickel also, but we usually prefer a,’ in. diameter 
copper rod held in a water cooled clamp. 

As used for calibration the arc is 10 mm long and light is taken from the central 
2mm length of the column. The current is 3-5 A and the air-flow 16 1/min giving 


a velocity at the orifice of 3 m/sec. 


1] M. F. Haster, J. Opt. Soc. Am. 31, 140 (1941). 
M. F. Hasver and C. E. Harvey, Ind. Eng. ¢ hem., Anal. Ed. 18, 540 (1941). 
3) B. J. Statiwoop, J. Opt. Soc Am. 44, 171 (1954). 
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Burning characteristics 

When struck without the draught of air the arc has the well-known appearance 
of a bright central column surrounded by a cloudy sheath and tends to wander and 
curve erratically. Immediately the airstream is applied the are column straightens. 
the sheath contracts and the system takes on the appearance of a steady flame 
issuing from the lower electrode and impinging on the upper. The counter-throw 
of vapour from the upper electrode persists for only 3 or 4 mm downwards. A 


BRASS 
SLEEVE 


BRASS 


PLUG 


NICKEL 
ELECTRODE 


Sketch of lower electrode assembly. 


Fig. 1. 
steady state is generally attained after about 1 min of warming up, and a very 
gentle draught suffices to maintain steady burning. Increasing the air velocity 
results in progressive contraction of the cloudy envelope and, to a lesser extent, of 
the central column, accompanied by an increase in gap voltage. Burning is 
smoothest when a small molten cap forms on each electrode. A cold cathode tends 
to form a cup in which the cathode spot wanders about spasmodically and pro- 
nounced blinking of are luminosity may occur at irregular intervals. On the other 
hand too great a heating rate is likely to lead to instability from bubbling and 
collapsing of large molten tips. The current at which the cathode tip becomes a 
molten dome rather than a cup depends on the gauge of the electrode and on the 
air velocity. In the standard calibrating are described earlier, the cathode is 
cup-forming and marked blinks occur every few seconds, but nevertheless the 
integrated emission over 30-sec periods or longer is consistent enough for many 
purposes. The rate of consumption of the cathode is 6-6 mg/min or about 1 mm 
length in 10 min. 

Steady arcs of several centimetres length can be maintained, but the longer the 
are the greater the care required in directing the airstream symmetrically about 
the upper electrode and the greater the excess voltage required to prevent accidental 
extinction following a momentary disturbance. Since the vapour from the lower 
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electrode dominates the are column to within about 3 mm of the counter electrode, 
it is possible to change the material of the upper electrode without affecting the 
lower portion of the are and to study the latter as if it were virtually a single 
electrode system feeding into a remote region having no consequential reaction on 
the portion of are column under observation. This will be ev ident from traversal 
curves presented in a later paper | 4}. 

If the polarity of the electrodes is reversed vaporization is less copious, the 
back-surge of vapour from the upper electrode is more pronounced and it takes less 
current to establish a molten globule on the lower electrode. 


Line group jor calibration and method of re cording 

We use the compact, easily identified group of ten lines listed in Table | for 
calibrating plates with respect to the spectral region 2500-3400 A. They are all 
‘are spectrum” lines, but are not particularly homologous since their ratios vary 
appreciably with minor changes in are conditions. A more homologous collection 
of lines could doubtless be found by ranging over a wider length of spectrum; but 
the advantage so gained would be outweighed by the disadvantages of wider 


dispersal ona photographic plate. 


Table 1. 


telative intensity 


Line Wavelength 
no (A 0-02 mm 0-03 mm 0-04 mm 


l 2606-5 342 339 336 
2 2697-4 28-5 29-9 31-9 
3 2600-5 30 14-9 17-2 
2700-3 13-6 15-7 Is-l 
5 2701-1 53 56-5 60 
6 2701-9 71 75 78 
7 2703-6 17-6 20-4 23-8 
8 2705-5 164 166 169 
2706-5 Os 104 


2746-7 L000 1000 


The relative intensities given in Table 1 were obtained by reference to a 
rotating step-sector at the slit of a Hilger large quartz prism spectrograph. They 
might be expected to apply precisely only when the dispersion is the same as with 
this instrument, but Nowsss [5] reports little change using a “medium” size 
spectrograph except for lines 5 and 6 which are interfered with by an unlisted hazy 
line between them. 

Light from the wanted “central” 2-mm zone of are column is isolated by a 
mask either close to the arc or more usually at the collimator on which the source 
is imaged. (It is better to define the location of the zone by its height above the 
lower electrode rather than by its centrality; the height of the upper electrode is 
immaterial so long as it is more than 4 mm above the zone.) Precaution is taken to 


4) D. A. Sesctare, H. J. Beave and E. 8. Suarkey, Spectrochim. Acta 16, 709 (1960). 
J. M. Private communication 
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An airstream-stabilized d.c. arc source 


avoid reflection fog; but the recorded intensities include the contribution of 
spectrum background and thus change in line width relative to dispersion affects 
the relative intensities of the weaker lines. Our normal practice for plate calibration 
is to use a two-step exposure giving twenty points for the calibration curve. 


Practical consistency 

Numerous tests with twenty successive exposures of 60 sec on one plate indicate 
that with ordinary care a coefficient of variation of 3-5 per cent may be obtained 
for the absolute intensities of individual lines and 1-6 per cent for line ratios. 
Occasional runs yielded figures of half these. In day-to-day use with fresh assemblies 
variations of the order of three times the ordinary coefficient of variation are 
probable. The strongest line, no. 10, is the most susceptible to changes in conditions 


and departure of 5 per cent from normal relative intensity of this line is frequently 
observed while the others remain within the usual 2 per cent margin of error of 
recording unless some abnormality of conditions has accidentally been introduced. 


In another paper [4] we give details of experiments showing the quantitative 


influence of various factors on intensities of emission. From these it is apparent 


that the most critical parameters are current and height from cathode to zone 
from which light is taken. Displacements from the normal settings of either 
0-05 A or 0-2 mm, respectively, give rise to an emission change of 3 per cent. 
Air-flow does not need to be controlled to better than within 10 per cent in order 


to keep emission within 2 per cent. 


Discussion 
Experience in several laboratories extending over many years has amply 
demonstrated the usefulness of the source for plate calibration purposes. In 
addition the form of are described has features which make it attractive as a 


source for application in a wider field. Although in short-term stability it compares 


unfavourably with filament lamps and enclosed vapour-conducting lamps it has 


advantages over these in being (a) rich in spectrum lines, (b) not subject to the 


variable absorption of a glass envelope, and (c) capable of assembly from simple 


components at different times and places to give identical radiation. 


As a device for experimental studying of are processes it is superior to most 


alternatives in the ease of (a) obtaining consistent measurements, (b) extension of 


the arc columns to an extreme length and (c) isolation of the anode or cathode 


vapour region uncontaminated by vapour from the upper electrode. 


The precise form we have described as a standard is not necessarily the best for 


all purposes. For example in application where smooth burning is the paramount 
requirement it would be preferable to make the lower electrode the anode. We 
selected the cathode for long-term reproducibility because it is less subject to 
accumulation of impurities and less susceptible to variations in the size of the oxide 


cap on the electrode. Again, iron may be substituted for nickel; it gives a very 
smooth burning are and the ratios of the iron lines selected by VANSELOW and 
Liesic [6] are known to be less susceptible to changing conditions than our nickel 


[6] A. P. Vansetow and G. F. Lresic, J. Opt. Soc. Am. 34, 219 (1944); Spectrographic Analysis of Low 
Alloy Steels, The Iron and Steel Institute (London) special report No. 47 (1952). 
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group. Other metals we have tried are less successful, however. Substantial 


changes in appearance and intensity have been observed when the air jacket is 


replaced by other CASES; but none seems to offer any adv antage over air in respect 


ot stability. 


teky edgement—This paper is published with the permission of the Chief Scientist, Australian 
Defence Scientific Service, Department of Supply, Melbourne, Australia 
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Abstract—The following factors influencing the emission from the airstream-stabilized nickel 


arc are quantitatively investigated: zone height above lower electrode, current, air velocity, 


electrode thickness, impurities, air temperature. In practice the first two are the most critical 


parameters. 


Introduction 


IN OUR previous paper [1] we describe a simple form of stabilized are that has 


application as a calibrating source and possibly as a standard source of ultra-violet 


photometry. To obtain good quantitative precision with the are one needs to 


know what degree of control is necessary on the various factors influencing 


emission. Data presented in this paper assist in that direction. 


Experimental 
Mi thod of measurement 


Measurements were made only on the ten spectrum lines listed in Tablel, being 


those used by us as calibration standards. Spectrograms in succession were obtained 


Table 1 


Relative intensity 
Line Wavelength 


no. \) 


0-02 min 0-03 mm 0-04 mm 


2696-5 336 
2 2697-4 28-5 29-9 31-9 
3 2699-5 13-0 14-9 
2700-3 13-6 15-7 18-1 
i) 2701-1 53 56-5 60 
6 2701-9 71 75 78 
7 2703-6 17-6 20-4 23-8 
S 2705-5 164 166 169 
2706-5 LO] 104 
10 2746-7 1000 L000 1000 


using a Hilger large littrow quartz spectrograph with a quartz condensing lens 


imaging the source at the collimator over which was placed a mask to admit light 


only from a short length of are column (0-3 to 2 mm). Densitometer readings were 


converted to relative intensities in the usual way using calibration curves 


[1] D. A. H, J. Beate and E, 8. SuHarkey, Spectrochim. Acta 16, 704 (1960). 
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established by a step-sector. The recorded intensity of the lines in all cases 
includes background intensity. As a norm of reference in most experiments we 
used the zone of are with centre situated 5 mm above the cathode in our standard 
calibrating are (current 3-5 A, airstream 3 m/sec). Light was always taken from 
the whole width of the are column. We define the term “‘mean relative emission” 
as the arithmetic mean of the relative intensities of the ten lines each expressed as a 
fraction (or a percentage) of the emission of the line at the norm. Thus the weak 
lines carry as much weight as the strong in determining this figure. Unless other- 
wise stated the measured emission was as from the norm in all respects except for 


the parameter under variation. 


electrode cothode 
Lower electrode anode 
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° 
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Mean relative emission 


ne No 


L 


Height above iower electrode, mm Height above cathode, mm 
Fig. 1. Variation of mean relative emission along the arc Fig. 2. Variation of line ratios 
column with gap length A 25 mm, B 10 mm, C 20 mm, along the are column, currents 
D 10mm, E 20 mm, both electrodes being nickel except and air velocities being: 
for curve ) when the upper electrode was copper. (a) Dots 3-5 A, 3 m/sec. 
(b) Crosses 3-5 A, 6 m/sec. 
(c) Circles 6 A, 3 m/sec. 


Variation along the arc column 

Keeping the spectrographic set-up fixed and varying only the vertical position 
of the are we obtained the traversal curves for mean relative emission shown in 
Fig. 1. These were obtained with standard current and air-flow; but little change 
in shape was found with other conditions though individual lines behaved 
differently, as indicated in Fig. 2. 

When the lower electrode is cathode the emission tends to follow the basic 
curve A until the effect of throw-back from the upper electrode. 
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Sources of variation in the nickel airstream-stabilized arc 


In Fig. 2 a group of three ratio curves is shown for each of the lines 10, 1, 9, 5 and 
3, all referred to line 8. Lines 6 and 2 behave similarly to 5 and lines 4 and 7 
similarly to 3. For all of this family the lower electrode is cathode and the anode 
is remote. The general trend is for all of the lines to be submerged into the black- 
body continuum where vapour is copious or into the air-band line system where the 
vapour is sparse. In neither extreme is the trend complete except for the weaker 
lines which become indistinguishable against the air-line background in the upper 
reaches of the are. 
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Intensity relative to line No. 8 


Fig. 3. Variation of emission with current. Fig. 4. Variation of line ratios with current, 


Variation with current 


Fig. 3, with the same logarithmic scale on both axes, shows that variation of 
emission with current is extremely steep. At the lower currents the average slope 
is about 2-3. At a transition stage (between 4-5 A and 6-0 A with cathode emitter 
and between 2-5 A and 3-5 A with anode emitter) where the electrode tip changes 
from cupped-metal form to domed-oxide form the curves of most lines are steeper, 
but with line 10 the effect is masked by a gross flattening accompanying the 
great increase in self-absorption as the vapour becomes more copious. The ratios 
of the lines are shown in Fig. 4. Remarks in the previous section on general trends 
apply in similar fashion, though the effects of differences in excitation potential 
are visible also (e.g. in the crossing of the curves of lines 6 and 9). At low currents 
relatively strong band lines coinciding with lines 3, 4 and 7 cause these lines to 
appear stronger than line 2 which falls in a clear space between band lines. 


711 


10 
No. 2 line rt 
| 
«} hi \ 
al 
J “we | 
2} | 
| Cathode 
| emitter | 
| 
4 | 
| 
2 45678 O srs © 
A 
3 
|| 


D. A. H. J. Beave and E, 8. SHARKEY 


Variation with air velocity 

Fig. 5 shows that air velocity is not very critical. It was found, however, that 
the steepening at high velocities is substantially more pronounced when turbulent 
flow occurs. Separate ratio curves are not given, but the spread of the dotted 
extremes shown in Fig. 5 indicates that ratios do change considerably, probably in 


ission 


Relative em 


fers to mean I lative 


Fig. 5. Variation of emission with air velocity. Centre curve re 
ssion and the dotted-line curves to extremes of individual lines, 


the main because of reabsorption effects. At lower-than-normal air velocities 
line 10 remains practically constant while other lines increase in intensity by as 
much as 50 per cent. At high velocities some mixing of air in the are column 


enhances the apparent relative intensities of the weak lines that coincide with 


strong air lines. 


Variation with geo trical disposition of electrodes 

We failed to detect any significant variations arising from eccentric mounting 
of the electrode in the sleeve. Extreme skewness of the upper electrode with 
respect to the axis of the are column leads to distortion, instability and eventual 
extinction of the are. 

The height of projection of the lower electrode above the sleeve is also not 
critical provided the tlow of air is reasonably well streamlined. With increasing 
projection the effects of air deceleration would in due course be noticed, but Fig. 5 


shows that the rate of change would be slow. 


Variation with electrode thickness 

Fig. 6 shows that the emission intensity is quite sensitive to changes in the 
diameter of the lower electrode. Near the standard electrode thickness (3-2 mm) 
the slope is approximately minus one; that is, the mean relative emission is 
inversely proportional to the diameter, or to the square root of the cross-sectional 


area. 


E ffe ct of impurites 8 


High-purity nickel wire (Johnson Matthey “HS” grade) gave an emission 


intensity 12 per cent lower than that of the commercial grade used in most of our 
experiments. A typical analysis of the latter was Ni 99-0 per cent, Co 0-6 per cent, 
Fe 0-15 per cent, Cr 0-09 per cent, Mg 0-05 per cent, Si 0-04 per cent, Mn 0-01 
per cent. The direct effect of the impurities is probably not very great but the 
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indirect effect through lowering the thermal conductivity of the metal can account 
for practically all of the difference. Experimentally over the range 25—100°C we 
found the commercial nickel to have a conductivity only 72 per cent of that of the 
pure grade. Assuming a proportionate reciprocity between conductivity and cross- 
sectional area one would predict that the pure nickel would give an emission 


3 


Co'hode diameter, mm 


4 


Fig. 6. Variation of emission with electrode thickness. 


approximations made this is 


15 per cent lower than the commercial. In view of the 


very close to the experimental value of 12 per cent. 


Variation with atmospheric conditions 


Normal variations in air temperature would not be expected to result in any 
significant change in emission. An experiment with air heated to 100°C gave an 


emission approximately 3 per cent greater than with air at 20°C. This is the order 
of magnitude of the change to be expected on the basis of the previously reported 
effects of varying thermal conduction, assuming that the only significant effect of 
changing air temperature would be to alter the rate of removal of heat from the 


electrode tip. 
The effect of variation in atmospheric pressure was not investigated. It is 


possibly not negligible. 

Naturally occurring variations in humidity are probably without significant 
effect, but the are emission is weakened appreciably by addition of steam to the 
extent of 10 per cent or more by volume. With more than 30 per cent added water 
vapour the are becomes unstable and difficult to maintain. 

Other changes in the enveloping gas stream, such as substitution of pure 
nitrogen or pure oxygen, also have unexpectedly marked effects on the intensity 
and behaviour of the arc. We hope to pursue further a study of these effects. 


Discussion 
The three most critical parameters investigated are current, height of emission 
zone above the lower electrode and thickness of electrode. The first two are in 
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practice the ones most difficult to control within the required precision. We have 
previously reported [1] coefficients of variation of 3-5 per cent for emission 


intensity and 1-6 per cent for ratios. It would be difficult to improve much on 
these without refinements in the methods of controlling current and electrode 
height since displacements of 0-2 mm in zone height and 0-05 A in current can 
give rise to errors of 3 per cent in emission. 


icknowledgement—This paper is published with the permission of the Chief Scientist, Australian 


Defence Scientific Service, Department of Supply, Melbourne, Australia. 
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Infra-red spectra of lactates in aqueous solution 


J. D. S. GouLpEN 
National Institute for Research in Dairying, University of Reading 


(Received 13 March 1960) 


Abstract Aqueous solution spectra of the lactate ion and lactate esters have been examined 
and the effects of chelation, vibration coupling and hydrogen bonding have been studied. The 
in-plane deformation of the OH group appeared at 1275 em 1 in the free ion, but was displaced 
to near 1390 cm™~! in the chelated ion. From their effects upon the lactate ion vibrations, a 
series of metal ions could be arranged in order of the stability constants of the metal—lactate 
complexes. 
Introduction 

Tue assignment of the in-plane deformation of the hydroxy! group is of considerable 
interest, since its frequency is particularly sensitive to the effects of vibration 
coupling and intermolecular association, as well as to changes in the C—OH bond 
order. SUTHERLAND ef al. {1, 2] have studied this vibration for the aliphatic 
alcohols and have shown how it is affected by both molecular association and by 
coupling effects with the bending vibration of the CH group (oy). ANDERSON 
et al. {3) have studied the spectra of gem dihydroxy compounds in the solid state 
and have shown that the 6,,, band appeared in the 1400-1300 em~! region. 

The lactate ion (CH,CH(OH)CO, ) is one of the simplest ions to show the 
effects of chelation [4], and GouLtpewn [5] has already demonstrated that the 
proximity of a chelated cation can affect the vibrations of the anion. Since the 
carboxylate group carries a negative charge, electron displacement resulting in an 
increase of the C—OH bond order will be inhibited, and apart from the effects due 
to chelation, the 6,,, vibration of the lactate ion should behave in a similar manner 
to that of the secondary alcohols. Additional complications due to crystal-lattice 
effects in the solid state have been avoided by the use of aqueous solutions. 


Experimental 

Spectra were examined as described previously, GOULDEN [6], using a pair of 
barium fluoride cells of path length 62 wa. 

Ethyl glycollate and ethyl lactate were purified by fractional distillation and 
were examined with the same absorption cells for both aqueous and for “Analar” 
carbon tetrachloride solutions. Zine glycollate and zine lactate were prepared by 
the action of excess zinc oxide on purified samples of the appropriate acids, 
followed by two recrystallizations from water and a final drying in warm air. 


(1) A. V. Sruart and G. B. B. M. Surnertanp, J. Chem. Phys. 24, 559 (1956). 
\2) S. Krimm, C. Y. Liane and G. B. B. M. Surner.anp, J. Chem. Phys. 25, 778 (1956). 

D. M. W. Anverson, L. J. Bettamy and R. L. Spectrochim. Acta 12, 233 (1958). 
[4] Stability Constants, Part 1 p. 12. Chemical Society, London (1957). 

[5] J. D. 8S. GouLpEx, Chem. & Ind. (London) 721 (1960). 

(6) J. D. 8. GouLpEN, Spectrochim. Acta 15, 657 (1959). 
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Caleium and copper 2-hydroxy-isobutyrates were prepared in a similar manner 
from a recrystallized sample of «-hydroxy-isobutyric acid. The zinc, caleium and 
copper contents, as determined by the EDTA method [7], were in good agreement 
with those calculated for the appropriate hydrated salts. 

The series of metal lactates was prepared by the action of redistilled z-bromo- 
propionic acid or “Analar’’ lactic acid upon the appropriate metal salt. Purity 
was again checked by EDTA titration or flame photometry (in the case of the 
lithium salt). 


Woveiengtn, 


Absorption 


Frequency, 


Fig. 1. Spectra of approximately 5°, solutions of: (a) zine glycollate, (b) ethyl giveollate, 
zine lactate d) ethyv!i lactate in water and in carbon tetrachloride | 


Path length 62 « vs. 62 « water or carbon tetrachloride 


Results 


Fig. | illustrates the spectrum of zinc lactate and a number of related 


compounds, whilst the effects of change in cation are illustrated in Fig. 2. Table | 
lists the band assignments 


Esters 


Comparison of the ethyl! lactate and ethyl glycollate spectra enable the r_ 


band of the lactate ester to be identified at 1047 cm~'. This assignment is confirmed 


by the presence of a similar band in the lactate ion spectrum at 1042 cm The pair 


of bands at 1464 and 1383 em~'! in the ethyl lactate spectrum can be assigned to 
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the doy, (a.) and dey, (s.) vibrations respectively, similar bands being observed in 
the ethyl glycollate spectrum. GouLDEN [6] has already shown that of the two 


i can be 


’ bands associated with the ester group, the band near 1250 cm 


‘ 


associated with the roo_o, Vibration and the band near 1050 em~! with the reo» 

vibration. The bands at 1230 and 1235 em! in the lactate and glycollate esters 

have therefore been assigned to the ro Vibration, the corresponding 


vibrations showing at 1012 and 1018 em 


Woveleng!h, 


=] 10 


ynesium 
Path length 62 4 vs. 62 4 water 

From studies in the 3-u region using carbon tetrachloride solutions, | 8] 
has suggested the presence of weak intramolecular hydrogen honds between the 
hydroxyl und carbonyl groups of the ethyl lactate molecule. The change from a 
solvent of high dielectric constant should lead to an increase in hydrogen bonding, 
indicated by a rise in the 4, frequency. Since the 4, frequencies of both ethyl! 
lactate and ethyl glvcollate hecome less as the solvent is changed from water to 
carbon tetrachloride, it seems probable that a different mechanism of association 
occurs in aqueous solution, presumably involving one or more solvent molecules. 

The weak d,, band cannot be identified in the ethyl lactate spectrum, owing 
to the intensity of other bands in this region of the spectrum and to the use of the 
relatively large slit widths required for aqueous solution studies. 


lons 
Comparison with the ethyl lactate spectrum allows the bands at 1477, 1279, 
1121 and 1042 cm~! in the zine lactate spectrum to be assigned, respectively, to 


the (@.), %e—on and Vibrations. The 4,,, band can be seen at 1325 


em and both the reo.- (8.) and deq, (8.) vibrations contribute to the intensity of 


the broad strong band near 1590 cm 1 


8) M. Sr. C. Fier, Spectrochim Acta 10, 21 (1957). 
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Infra-red spectra of lactates in aqueous solution 


Fig. 2 illustrates the effects of change of cation on the lactate ion spectrum. 


The spectra of a series of divalent metal lactates was found to show the following 
order of regular increase in intensity of the 1390 em~! band: 


Sr < Ca Mg Zn Fe Ni Cu 


As the intensity of this band increases, the intensities of both the 1275 and 1090 
em~! bands decrease. 

These changes have been attributed to the effects of chelation [5], and this 
interpretation is further confirmed by the order of the above series, which is 
similar to that of Irvine and WiLLiAMs [9]. Increase in stability constant leads to 
an increase in the relative proportions of chelated to free ions, the respective do), 
bands showing at 1390 and 1275 em~'. The weak band at 1090 cm~! is analogous 
to the 1080 6 band of the secondary alcohol monomers {1}. This shift in the 
Yeon band due to chelation confirms that the metal ion is bonded to the oxygen 
atom of the hydroxy! group. 

Sodium and potassium lactate solutions show spectra similar to that of lithium 
lactate, in that the 1275 cm~' band is weak; but the general absorption in the 
1400 cm~' region is broader and not as intense as that of copper lactate. These 
results suggest that the lithium ions are bound only to the carboxylate groups, 
leaving the hydroxyl groups free to form hydrogen-bonded dimers, or more 
complex units. 

General discussion 

In view of the effects of solvent change on do), it seems probable that the ethyl 
lactate molecule exists as (1) in carbon tetrachloride solution and as a form such as 
(11) in aqueous solution. The corresponding form for the unchelated lactate ion 

CH, O—H 
H 


a iI) 
don 1269 1294 cm 1275 em~! 


1390 


H. Irvine and R. J. P. J. Chem. Soc. 3192 (1953). 
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in aqueous solution would be as shown in (IIL). In the divalent metal lactates, the 
changes in both do, and re_on suggest that the cation is bonded to both the 
carboxy! group and to the oxygen atom of the hydroxy! group, so that the structure 
of the chelated anion is probably of the form (LV). 

SuTHERLAND et al. [2] have shown that the dey vibration of secondary alcohol 


monomers appears at 1380 cm~', but that vibration-coupling with the slightly 


higher do, frequency of the associated molecules causes the d¢q frequency to be 
reduced to 1330 cm~!. It therefore seems probable that the dey vibration of the 
lactate ion at 1325 cm~ arises from the chelated ions. For the unchelated ions, 
vibration-coupling with 65, would be expected to give rise to a second d¢, band in 
the region of 1380 cm~!. It is not possible to identify this band in the spectra, 
since in addition to the general absorption in this region of the spectrum, 
decreases in the intensity of the 1380 em~! de4 band are overshadowed by increases 
in the intensity of the do, band of the chelated ions. It was for this reason that 
the previous studies [5] were carried out with the «-hydroxy isobutyrate ion. 


Acknowledgements—Thanks are due to Dr. L. J. Bennamy and to Dr. J. E. Prue for helpful 
discussions, to Dr. G. F. HARRISON for kindly carrying out the flame photometric analysis and 
to Miss J. 8S. M. Kixesron for technical assistance. 
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Fluorescence of trivalent dysprosium in hexagonal zinc sulphide at 77° K* 


R. A. Forp* and M. M. R. Wituramst 


Mullard Research Laboratories, Salfords, Surrey 


Abstract—The low-temperature fluorescence of Dy** in hexagonal ZnS is reported. Systems 
around 17,000 and 20,500 cm~!, due to return from the resonance level to the a A 2 and "Hs 2 
levels of the ground multiplet have been studied in detail. The assignment 9 1s made for the 
resonance level. The fluorescent lifetime of the 47,5). —- ®Hyg). transition was found to be 
8 x 10-° see, which is considerably shorter than the calculated radiative mean life. This is 
discussed in terms of vibronic interaction with the crystal lattice. 


Introduction 

Tue sharp spectra of the rare earths arise from transitions within the 4f" config- 
uration. These electrons are shielded to some extent from surrounding fields by 
the completed 5s* and 5p® shells. However, the spectra, in their fine structure, do 
reflect the nature of these surrounding fields and accordingly can be a powerful 
tool for the study of crystal fields in solids. We have studied the fluorescence of 
Dy** in hexagonal ZnS in the hope of learning more about the energy levels of this 
ion in a trigonal (C,,) crystal field. 

No previous analysis of the fluorescence of Dy** in ZnS appears to have been 
made, but recently KELLER [1, 2] has observed its fluorescence in SrS where the 
field is cubic (O,). The fluorescence of Dy** salts, on the other hand, has received 
considerable study. Of this work the papers by Dieke and S1InGH [3], GopRecut [4] 


and Rosa [5] are of particular value. 


Theory 

Trivalent dysprosium has the configuration 4f* which permits three states of 
highest multiplicity °*H, °F and *P of which Hund’s rules tell us that *# is the 
lowest. Calculations on these states in the Russell-Saunders approximation have 
been made using the method of ELuiorr ef al. |6). Energy values for the states of 
highest and next highest multiplicity are given in Table 1. Similar calculations on 
some of these states have been made by JORGENSEN |7] using a different form for the 
4f wave-function. 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna, September 
1959; manuscript received January 1960, 

+ Present Address, Central Technical Office, Courtaulds Ltd., Coventry. 

+ On vacation study from Physics Dept., Kings College, London. 


S. P. Kevtver, J. Chem. Phys. 29, 180 (1958). 

S. P. Ketter, J. Chem. Phys. 30, 434 (1959). 
. M. Drexke and 8. Srveu, J. Opt. Soc. Am. 46, 495 (1956). 

i. Goprecut, Ann. Physik 28, 673 (1937). 

A. Rosa, Ann. Physik 48, 101 (1943). 

. P. Exuiorr, B. R. Jupp and W. A. Runciman Proc. Roy. Soc. (London) A 240, 509 (1957). 
. K. Jorgensen, Kgl. Danske Videnskab. Selsk. Mat. fys. Medd. 29, No. 11 (1955). 
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multiplet centre is then given by 
A = + 1) — + 21) 


tf electron. Using et al.’s values for wit! 
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S(S + 1)] 


1970 cm~'! as suggested by 


Table 1. Calculate i energy levels for Dy* ion 


The *H state is split by spin-orbit coupling into an inverted multiplet of six 
levels with the ground state *H,,... The magnitude of the shift of aJ-level from the 


where 2 = spin-orbit splitting factor and { = spin-orbit coupling energy for a single 


Energy 


(cm 1) 


°H O0000-0 
5317-1 
4] 19,205-1 
iM 19,324-2 
19,443-2 
47; 20.276-5 
1K 22,458-9 
23,450-9 
24.839-7 
24,998-4 
4H] 25,950-7 
ip 28,212-5 
28,450-6 


ip 32,497-9 


4] 
4H 
iy; 
4K 
ip 
4p) 
4H 
ap 
4] 


State* State* 


ipr 


- 


Energ 


(em 


33,648 
42,537 


42. 616°: 


46,028 
49,719 
54,044 
56.782 
57,734 
63,726 
65.829 
72,931 


78,407 


5S 488 


) 


momentum 


Table 2.* Multiplet splitting for 6H state of Dy 3 


* Primes define different electronic states possessing similar resultant spin and orbital angular 


Energy 


Calculated 


level 
Authors Jupp 


10,835 10,200 
°H. 9456 9320 
7683 8010 
5416 6140 
2955 3530 


Energy (cm 


1) 


( Ibsers ed 


Authors 
(LS. coupling) (intermediate coupling) 


7282 
5600 
3310 
Oooo 


[3] 


10,150 


9040 
7414 
3319 
0000 


values in Table l 


81 B. Bieaney. Proc. Phys. Soc. (London) 68, 937 (1955). 
9) B. R. Jupp. Proc. Phys. Soc. (London) 68, 157 (1956). 


122 


ten excited states of Dy®* under LS coupling which are given in Tables 


* Table 1 gives the multiplet centres of the splittings caleulated in Tables 2 and 3. For numerical 
consistency 4974 em~', the depression of °F isis below the multiplet centre of *H, should be added to all 


BLEANEY [8], we have calculated the multiplet splittings for the ground and first 
und 3. 

In practice, however, deviations from the Landé interval rule occur which have 
been interpreted by Jupp [9] in terms of intermediate coupling. This mixes 
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contributions from excited LS states into the *H state. The selection rules for 
such mixing, which requires the matrix elements of (X/s between the two states 
involved to be non-zero, have been derived by Jupp [9]. They are as follows: 
AL = 0, i; 45 = 0, | and AJ = 0. Accordingly, we may define the 
important excited states for mixing with *H as 4/, 4G, 4H, 4G’, 41’, 4G”, 4H’, 4H”. 
“1” and 4G” in order of increasing energy. Jupp’s values for the multiplet 
splitting of °*H of Dy** are given in Table 2. 


Table 3. Multiplet splitting of the sextet and quartet excited states of Dy* 


Energy levels (em 1) 


4] 4G 1K 4p 1H 


2 13,957 

3/2 | 13,381 31,408 30.984 29,980 

12,421 28,432 29,944 30,024 29.919 

7/2 11,077 24,243 27,672 28,680 29.819 

9/2 9.349 27,069 18,869 24,742 29,677 o2,28 

11/2 7,237 | 25,464 21,183 30.853 31,511 
13/2 23.567 28,906 31,853 30.582 
15/2 21,379 | 26,921 26,660 29.852 29.484 


24,114 


27,584 


In a crystal field the 2./ | degeneracy of each J-level is lifted. With Dy® 
where $7, has odd parity, Kramer's theorem tells us that the maximum possible 


breakdown will be into J } levels each of which will be a doublet (m n/2). 


Furthermore, it may be readily shown by group theory that this maximum splitting 


is achieved by all fields below cubic [10]. The term splittings for half-integral values 


of J are given in Table 4. 


Table 4 


J-value 1/2 3/2 5/2 7/2 9/2 i1/2 13/2 15/2 17/2 19/2 21/2 


Cubie l l 3 3 6 j 


Lowe! 


The effect of a weak crystal field, which is the situation with rare-earth ions. is 
to destroy J and M as good quantum numbers, whilst Z and S retain their validity. 


However, if the density of states is high, some crystal field induced mixing of 


different LS configurations may occur with a consequent breakdown of LS 
coupling. Then, instead of these quantum numbers, we have the occupation 
numbers of the different 4/ orbitals as they transform under the appropriate crystal 
field symmetry, (A,, A, and £ under C,,). A complex situation of this type seems 
likely in the close-packed set of states above the resonance level of the Dy** ion. 


[10] W. A. Runeman, Phil. Mag. 1, 1075 (1956). 
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J 
17/2 25,509 
‘ 19/2 23,485 25,048 
21/2 21,247 
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Experimental 

We are grateful to Dr. S. Roruscuii_p and Mr. R. Gru for supplying suitable 
polycrystalline specimens of ZnS containing Dy**, which were prepared as follows. 

Luminescent” ZnS (Philips, Eindhoven) was prefired in mixed gas (H, + N,) 
for 2 hr at 950°C. On cooling 1-5 « 10-4 g atoms/mole of Dy** was added as a 
solution of Dy,O, (Johnson Matthey: “Spec Pure’’) in dilute HNO,. After drying, 
this was fired for | hr at 1100°C in H,S and then allowed to cool over a period of 
1 }hr with H,S still passing. X-ray analyses carried out by Mrs. 8S. RipLey confirmed 
that all specimens had the hexagonal crystal form. 

Fluorescence spectra were recorded on a large Hilger E742 spectrograph 
equipped with quartz optics (reciprocal dispersion 32 A/mm at 5700 A). For the 
weak emission around 20,500 em~' a Hilger—Barfit D186 spectrograph with glass 
optics (reciprocal dispersion 50 A/mm at 4700 A) was used. Ilford “Long range 
spectrum” and Kodak II L plates were used with iron are and helium discharge 
calibration. Wavelength determinations were made from microdensitometer traces 


recorded on a Joyce and Loest recording microdensitometer. The spectra were 
excited by a medium-pressure mercury are using a Wood's glass filter to select the 
4047 and 3660 A lines. 

For lifetime measurements the spectra were excited by a 10 kV cathode-ray 
source pulsed at 10 c/s (pulse width 100 ysecs), and displayed on a Tektronix 545 
oscilloscope for photographing. The time constant of our detector circuit was 
about | usec. 


Results 


The fluorescent spectrum of trivalent dysprosium has two regions of emission, 
around 17.300 and 20,500 em~' which are shown in Figs. | and 2. Of these the 
17,300 em! transition is more intense. Other weak transitions were detected at 
longer wavelengths, around 15,100, 13,200 and 12,000 cm~! but they will not be 
discussed in detail in this paper. 

Eight lines, in the form of four doublets were resolved in the weak 20,500 em~! 
emission whilst the 17,300 em~' system was found to consist of seven members. 
Details of line positions, with spacings and relative intensities are given in Table 5. 

The decay curve of the 17,000 cm~! transition was found to be essentially 
exponential at room temperature leading to a value of 8 10-° sec for the 
fluorescent lifetime. Dieke and Haut {11} have observed the overall fluorescent 
lifetime of Dy** in several salts using optical excitation. Little difference was 
observed with DyCl,6H,O and Dy(BrO,),-9H,O, their 
fluorescent lifetimes being approximately 10~° sec. 


Discussion 

It has been known for some time that the different groups of lines in the 
fluorescence of rare-earth ions correspond to transitions to different levels of the 
ground multiplet [4]. Sometimes, as with europium, more than one excited state 
may be involved but this is not usual. However, it is frequently difficult to 
reconcile the observed structure with theoretical expectations. Often there are 


(11) G. M. Drexe and L. A. Hatt, J. Chem. Phys. 27, 465 (1957). 
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17 21-0 205 


em 


Fig. 1. Microdensitometer trace of 17,300 Fig. 2. Microdensitometer trace of 20,500 
em~! emission system of Dy** in hexagonal em! emission system of Dy** in hexagonal 


ZnS at 77°K. ZnS at 77°K. 


Table 5. Fluorescence spectrum of Dy** in hexagonal ZnS at 77°K 


17,000 em 1 system 20,000 em! system 


(accuracy 6 (accuracy +4 cm!) 

vy Ap ‘el. vy (em?) 
17,483 20,903 
17,407 20,873 
17,307 20,807 
17,285 20,764 
20,691 

20,661 

16,983 20,563 


20.530 


very strong, 8 strong, m medium, w weak and vw very weak. 
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more lines than are expected. Such extra lines are due to electronic—vibrational 
interaction which makes an important contribution to the overall intensity 
because of parity restrictions. The configuration 4f" has even or odd parity 
depending as » is even or odd. Internal transitions are therefore always even-—even 
or odd—odd and thus forbidden by Laporte’s rule. For a rare-earth ion at a centre 
of symmetry all the observed lines will be vibronic in type due to coupling with 

odd” vibrational modes of the crystal. In these circumstances it is a great help 
to have calculated values of energy-level separations which may be used as a guide 


when making assignments. 


fssignment of energy levels 

Considerable disagreement exists on the interpretation of the Dy** spectrum 
Drexe and Srvou!3) have assigned all the observed groups of absorption lines below 
the resonance level to transitions within the sextet manifold, the three spin orbit 
components of */ being ussioned to levels 11,000 (7/2), 12,400 (5/2) and 
13.200 om 2/2) above the ground state, and the resonance level to *F,, 9: This 
‘< strongly at variance with the calculated order for the */ °F and *P states as 


‘ven in Tables 1. 2 and 3, a fact already noted by Runciman [12]. On the other 


hand JORGENS 7). assigns all transitions below the resonance level to components 
of the *H and *F multiplets, the *P? state being reserved for strong bands between 
5.000 and 2s 000 em"! In this case the resonance level is assigned to the ‘WV state 
with the fluorescence attributed to spin forbidden quartet—sextet transitions More 
recently Keuier [1, 2] has reported the fluorescence of Dy*~ in the cubic field of 
strontium sulphide, but his analysis appears incorrect The position of the two 


emission bands around 20.400 and 17,150 em~ clearly assigns them as transitions 
to the *#/,,.. and Sf] components of the ground multiplet, not to °H1,. 2 and 
is originally suggested DY KELLER The splitting between them, 3250 
is in excellent agreement with the observed spin-orbit splitting of these levels 


l 


see ‘Table 2 In this case the bands at 21.600 and 18,650 cm must be due to 


impurities in the crystal. We have summarized in Fig. 3 the data on the calculated 
and observed energy levels of Dy 

lurning to our own results, we must begin by considering the situation of the 
Dv? jon in the erystal lattice. When Dy** enters ZnS substitutionally, charge 
compensation will be necessary to maimtain the electrical neutrality of the crystal. 
lhus the immediate surroundings of the rare-earth ion may be the unperturbed 
lattice or a lattice perturbed by the association of a Zn* vacancy or an interstitial 
S- ion. The reduction in symmetry (Cy, — C,), which occurs on such association, 
effects no further breakdown in the degeneracy of Dy**, the maximum breakdown 
for an electric field already being achieved under C,,, so no clear decision about the 
nature of the Dy** site is possible from these spectra alone. In an attempt to 
clarify this problem we have studied the fluorescence of Dy** in ZnS where charge 
compensation has been effected by the addition of monovalent cations such as Cu 
Ag* (13). When this is carried out at sufficiently low concentrations to ensure no 
association of the Dy®* and M* ions we have obtained spectra identical with those 


12) W. A. Rewecran, Repts. Progr. in Phys 21, 30 (1958). 
RB. A. Forp and M. M. R. To be published. 
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under discussion here. We therefore presume that we are studying the spectra of 
Dy** in the unperturbed ZnS lattice where the point group will be C,,. It is hoped 
to obtain confirmation of this from paramagnetic resonance measurements on a 
single crystal of ZnS.Dy* 
The two groups of emission lines we have studied around 20,500 em~ and 
7,300 cm~! have been assigned as transitions to the *H,,,, and ®//,,,, levels of the 


Multipiet Multipiet splittings 


centres 


ooo coo 


Fig. 3. Electroni energy levels for Dy oF. 
*(a) Reference |3 
(b) Reference {14}. 
(c) Reference and H. Gosrecur, 
Ann. Phys. 31, 775 (1938). 


ground-state multiplet [3,4]. With point group C,, for Dy** we should expect 
eight lines in the first group and seven in the second (see Table 4). In fact we have 
observed these numbers of lines but it is by no means certain that all of them are 


purely electronic in origin. Several of the weak lines in the *H,,,, group, in 


particular those at 17,079 and 16,983 cm~', may be satellite structure due to 
vibrational interaction. However there is no reason to doubt the correctness of 
these assignments which are strongly supported by Dreke and Srxeu’s [3] work on 
DyCl, at 4-2°K. If we accept all the observed lines as pure electronic components, 
the crystal field splittings of the *//,,,, and *H,,,, states are 373 cm~! and 500 em~!, 
respectively. 

Our particular interest, however, concerns the resonance level. As we have 
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mentioned above, Dreke [3] has assigned it as *F,,,., but this must be discounted. 
The very large inversion of the calculated energies for °F and *P necessary to 
explain such an assignment cannot be considered feasible. Instead, if we accept 
JORGENSEN’s assignment of the *F and *P states to absorption bands in the near 
infra-red and ultra-violet, respectively, which is consistent with the general 
arrangement of the theoretical energies given in Tables 1, 2 and 3, the fluorescence 
spectrum must be due to quartet—sextet transitions with */, 4M, 4F or “@ as 
possible assignments for the resonance level. Since intermediate coupling mixes 
considerable quartet character into the ground state of Dy** we may expect such 
intercombination lines to be relatively strong. The observed oscillator strength of 
1-9 10-7 for excitation to the resonance level of Dy** [14], which is only an order 
weaker than for transitions within the sextet manifold, is consistent with this view. 

If we consider the intensity distribution in the fluorescence spectrum we find 
that the transition to *H,. is the strongest group with *H,5. and */),,,. much 
weaker. With the goodness of S and L reduced by intermediate coupling the 
J-selection rule is the important one here, which suggests that the resonance level 
has the value J 15/2. 13/2 or 11/2. JéRnGENSEN’s [7] assignment of “W for the 
resonance absorption band therefore seems unlikely since its lowest component w ill 
be 4M,,,5. Of the three other possible states, the decision seems to rest between */, 
lowest component J 15/2 and 44 with J 11/2. However, if “G,,,. were the 
case, the transition to *H,,, should also be intense. Since we find no evidence of 
this in the spectrum, we prefer to assign the resonance level Tis) 9: 

The reason for the second rather than the first excited state of Dy** being the 
emitting state is clearly due to strong mixing of the *F and *H multiplets which 
overlap in energy. The only large gap in the energy level scheme is then between 
6 F, : and the resonance level. Since the selection rules for radiationless conversion, 
as derived by Kronic [15], require AL = 0, +1; AS=0; MJ =0; geog; 
u<>u but u <> g, we may expect such mixing to be particularly strong for pairs of 
6H and *F levels with J = 11/2, 9/2, 7/2 and 5/2. 


Fluorescent lifetime and line width 


We have observed the fluorescent lifetime of the */,,,. —> *H)5,, transition to 
be 8 10-5 sec at room temperature. However, the radiative mean life calculated 
from the absorption intensity of Dy** in the 21,000 em~? region is approximately 
10-2 sec. This disagreement arises from vibronic interaction with the lattice, the 
apparent shortening of the radiative mean life being due to competition with 


rapid radiationless processes. It has been observed with all the rare earths except 


gadolinium where the observed fluorescent lifetime 7-8 = 10-* sec is in good 
agreement with the radiative mean life from absorption data [16]. We might 
expect the effect to be strongly temperature-dependent if coupling with lattice 
vibrations is involved but Drexe and Hatt [11] have found this not to be the case. 
It appears, therefore, that the radiationless transitions are not induced by coupling 


(14) J. Hoocscnacen, T. G. Scnovre and 8. Krucer, Physica 11, 504 (1946). 
15! R. de L. Kronic, Z. Physik §0, 347 (1928). 
[16] T. Moetier and J. C. BRANTLEY, Anal. Chem. 22, 433 (1950). 
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with lattice modes but take place from the zero vibrational state of the resonance 
level by direct electronic interaction with lower electronic levels of the ion. The 
correspondence between the fluorescent lifetime and the energy gap below the 
resonance level, which has been observed with the rare-earth series [11] is then to 
be expected. 


With such long radiative meanlives we may expect the fluorescence lines of the 
rare earths to be very sharp. This is so for Gd**, Eu** and Tb** but with Dy** the 


lines are considerably broader. Since these transitions occur from the zero 
vibrational state of the resonance level, direct coupling between the °// state and 
the crystal lattice is involved. If the coupling between the rare-earth ion and the 
crystal field, dE/dA, is markedly different for the */ and °H states a broadening of 
the fluorescence lines is to be expected. 
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The electronic spectrum of lead telluride* 


R. Grovet and N. GInspure 
Ik partment ot Physi s, Syracuse | niversity, Syracuse, New York 


Abstract—The absorption and emission spectra of PbTe have been measured. The results have 


been compared with some earlier data and a revised value for the first excited level is suggested. 


Introduction 
Leap telluride is one of the large group of semiconducting materials that are also 
photoconductive in the solid state. It is the first one of these materials that are 
being looked at in this laboratory with the eventual hope of making some kind of 
correlation between the electronic spectrum of the molecule and the optical 
properties of the solid. The spectra of various other Group III-V and Group IV-VI 
compounds are being observed at the present time. 

The spectrum of PbTe has been observed in absorption by Rocnester and 
Howe. [1] and by Wacker et al. [2]. Only the latter present an analysis of the 
three band systems they report. In addition, three band systems in the ultra- 
violet were reported by Vaco and Barrow [3], together with an analysis of the 
bands. It was found that this molecule gave an absorption spectrum exactly 
similar to the other Group IV-VI molecules investigated. These included the 
oxides, sulphides, selenides and tellurides of lead and tin. Vaco and Barrow also 
investigated the emission spectrum of many of these molecules, but were unable to 
find any emission for PbTe. Their general method was to produce a high-voltage 
excitation in argon with the molecule whose spectrum was desired present in the 
discharge tube. The discharge in argon sufficed to heat these high-melting-point 
compounds to carry also the discharge and emit their band spectra. 

The present work was undertaken with the idea of obtaining a general method 
whereby the emission spectra of heavy molecules of high melting point and low 
vapor pressure could be observed without the possibility that discharge in a 
foreign gas might break down the molecule. The only method other than that 
cited above was by Mesnace [4], who merely heated the discharge tube with a 
fame. He used this method in an electrodeless discharge to observe the spectra of 
the halogen salts of the iron family, although he did use neon as a carrier gas. 


Experimental method 
It was decided to use the scheme of electrodeless discharge for excitation of the 
molecules. because of the fear that even electrode materials, such as molybdenum 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna, 
1950: manuscript received January 1960 
Present address, Department of Physics, Randolph-Macon College, Ashland, Virginia. 
1) G. D. Rocuestrer and H, G. Hower, Proc, Un Durham Phil. Soc. 9, 126 (1938). 
2) J W. Wacker. J. W. Sreacey and A. W. Smrrn, Phys. Rev. 52, 140 (1938). 
2) E. E. Vaco and R. F. Barrow, Proc. Phys. Soc, (London) 59, 4409 (1047). 
4] P. Mesnace, Ann. phys. 12, 5 (1939). 
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or tantalum, would melt under the combined heat of the furnace and the rather 
high-power discharge it was hoped to maintain. Thus a usual furnace, quartz 
discharge tube, oscillator with power supply, was set up for this investigation. 

For accurate control of the temperatures for reproducibility of the vapor- 
pressure conditions for this molecule, it was necessary to use a furnace which could 
reach temperatures of at least 1000°C, Such a furnace was const ructed of a ceramic 
core cylinder of 57 mm diameter and 25 em long, pregrooved to accept a single 
layer of no. 20 nicrome wire. The heating coil was covered with a refractory 
compound and then surrounded by about 6 cm of soft asbestos insulation. ‘Two 
chromel-p-alumel thermocouples were inserted within the core for accurate 
monitoring of the temperature. 


NICHROME DISCHARGE TUBE WINDOW HEATER 


RF ELECTRODE 
*OSCHARGE TUBE 


SUPPOR 


Fig. 1. Oven-end and electrode assembly. 


The oven ends required the most careful design in order to satisfy conflicting 
requirements. On the one hand, windows must be provided for the emerging 
radiation, while, on the other, heat losses must be kept to a minimum in order that 
the material under investigation does not condense on to windows. An auxiliary 
small grid of nichrome wire, controlled separately from the main furnace coil, was 
used at each window to keep the temperature above the condensation point. In 
addition, it was found difficult to keep the radio-frequency leads from melting at 
the lead-in points owing to the conductivity of the furnace core at high temperature. 
This also essentially shorted out the discharge tube so that no appreciable 
current was available for excitation of the molecules. The final design, shown in 
Fig. 1, was used to overcome this difficulty. The ceramic tube through which the 
electrodes entered the furnace was surrounded by a brass cylinder with cooling 
vanes projecting beyond the furnace. This provided sufficient cooling to prevent 
shorting by the hot walls of the furnace. 

It was also found necessary to separate radio-frequency electrodes from the 
quartz discharge tube, as well as from the furnace wall. In preliminary runs, it was 
found that intimate contact between the electrodes and the discharge tube con- 
tributed greatly to internal etching of the quartz at the point of contact. At the 
same time, molecular tellurium bands appeared in the discharge. Both effects 
were removed by the careful placement of the electrodes. 
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The quartz discharge tube was about 20 cm long with quartz windows fused 
on to the tube. It fitted well within the furnace, but end heating was necessary, as 
mentioned above. The PbTe used were fragments of single crystals grown by the 
Solid State Physics Group at Syracuse University, under the direction of Dr. H. 
LEVINSTEIN. These crystals had been prepared from especially pure lead and 
tellurium. The tube was carefully cleaned and, after the insertion of the PbTe 
crystals, evac uated and sealed off. 

The d.c. power supply for the oscillator was 0-2 kV, capable of supplying up to 
500 mA. The radio-frequency oscillator was a tuned-plate, untuned grid type, 
capable of producing frequencies in the range between 12 and 45 Me/s. The 
maximum plate dissipation was about 450 W. 

The spectrograph was an ARL-Dietert concave grating instrument, of 1-5 m 
radius of curvature. It provided a dispersion of about 6 A/mm, the spectrum being 
recorded on 35 mm film. By means of two slit openings, ranges of 2000 to 4100 A 
and 4000 to 6200 A were available. Various types of film were used appropriate to 
the region under investigation, and were processed in the usual fashion. Exposures 
for emission ranged up to 30 hr. The usual iron emission standards were employed, 
and plates measured with a comparator and by means of a densitometer, both 
built in the Developmental Machine Shop of the Physics Department. 


The spectrum of lead telluride 


Observations were made in both emission and absorption. The absorption 
spectrum coincided with that previously reported [1-3] except that the band 
system labeled A—X by WALKER ef al. could not be found. A different system in 
the same wavelength region was observed, however, and it is this system which we 
call the A—X system. 

The emission spectrum of this molecule is observed for the first time. It 
coincides with the absorption spectrum. In spite of a careful search for bands 
corresponding to transitions hetween excited levels, none was found. In Figs. 2, 3 
and 4 are shown the photographs of the emission spectrum, together with their 
densitometer traces and assignments. The two systems, A—X and B—X overlap 
from about 5200 A to about 5600 A. The peak in densitometer trace appearing in 
Fig. 4 corresponds to the peak in sensitivity of the film used in photographing the 
spectrum. The emission lines observable in the reproductions of the spectrum are 
the atomic lines of Pb. The B—X system corresponds in wavelength and analysis 
to that given by WALKER ef al. 

The assignments in the A—X system were arrived at in the usual fashion. The 
wavelengths were reduced to vacuum wave-numbers, differences were found, and 
a Deslandres array set up. The scheme for this new band is shown in Fig. 5. 

It was of interest to compare the emission and absorption spectra as taken by 
the same spectrograph. Such a comparison of the densitometer traces is shown in 
Fig. 6. Almost a one-to-one correspondence is found. Actually more bands are 
detected by the densitometer than could be observed by eye through the 


comparator. 
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Spectrum and densitometer trace of PbTe emission, 24750-5375. 
with vibrational assignment. 


‘ig. 3. Spectrum and densitometer trace of PbTe emission. 25240-75840. 
with vibrational assignment. 
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The vibrational constants 
Fitting the observed data to the usual equations for the v ibrational term values 
gives the molecular constants shown in Table 1. These are compared with those 


lable 1. Summary of molecular constants of PbTe 


(WSS column gives constants of WALKER et al, {2)) 


T, aw 


This report Wss Chis report WSs This report 


xX 0 0 211-96 211s 0-430 0-12 
A 18,405-49 16,362-3 27-08 141-37 O-105 0-224 
B 19.737-84 19.736-4 144-80 145-51 0-446 


PLATE 52 
EMISSION 


PLATE 62c 
ABSORPTION 


F gy. ©. omparison oft emission and absorption spec tra of PbTe. 45375. 


of WALKER et al. It can be seen that our values for the A electronic level are 
entirely different from those previously reported. In Fig. 7 is shown the AG vs. 
vibrational quantum number plot for the vround state and the two excited states 
for which the analysis has been made. The figure beside each point on this plot 
indicates the number of pieces of data that gave the statistical weight to that 
point. The best straight line according to least squares is drawn through the points. 
The data for the ground state is obtained from both the A—X and B—X emission 


stems. 
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The dissociation energy can be calculated in the usual fashion, from the formula 


40,2, 
Using the constants given in Table 1 yields a value of 25,584-9 em~ or 3-17 eV for 
the ground state. This may be compared to the previously reported value of 
11-5eV. 


6 , 8 
NAL QUANTUM NUMBER, 


Fig. 7. AG-V plot for the first three electronic states of lead telluride. 


Conclusions 


A system has been built that will provide either the emission or absorption 
spectrum of a molecule with low vapor pressure. The greatest improvement in 
technique represented is in the increase in intensity of emission achieved by means 
of the careful electrode spacing within the furnace. Efforts are being directed 


toward further improvement of design. 

The system has been sucessfully applied to PbTe with the result of observing 
the first emission spectrum of that molecule. While, in general, previous analysis 
of the absorption bands proved correct, a different value has been found for the 
first excited state. The analysis of this band system and the next higher excited 
state gives the lead to a new value of the dissociation energy in the ground state, 


namely 3-17 eV. 
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Line interference corrections for X-ray spectrographic determination 
of vanadium, chromium and manganese in low-alloy steels 


P. D. ZeMANyY 
Research Laboratory, General Electric Co., Schenectady, N.Y. 


1950: in reria rm 2 February 1960) 


Abstract—A method of analysis for low-alloy steels is described in which the sum of the intensities 
of a pair of interfering lines of two elements is measured, and subsequently the contribution due 

of therm is determined and subtracted to obtain the other. In the system V—Cr—Mn,VK , 
terferes with CrA,, and CrA , interferes with Mnk,. 


Since there are relatively few lines of importance of a given element in X-ray 
emission spectrography it has been sufficient to design spectrographs with resolving 
powers in the order of 100, as compared to optical-emission spectrographs which 
commonly may have a resolving power of 100,000. Because of the low resolving 
power in the X-ray case, lines useful for analysis may overlap for some elements, 
and, because of the limited number of lines available, an alternate line may not 
exist suitable for making the desired measurements. Interferences of this kind 
occur with the elements vanadium, chromium and manganese in low-alloy steels. 
While most spectrographs can now resolve the chromium and manganese lines, ver 
few can separate the vanadium and chromium interference adequately, even with 
careful choice of crystal, order or optics. Pulse-height selection or controlled 
excitation potential are not applicable. Usually, higher resolution is achieved with 
a concomittant loss in intensity; and the electronic methods, if they do not result 
in a loss of intensity, require a more complex and expensive instrumentation. 
Therefore a method is required that will give satisfactory analytical results and 
that does not re quire a complete separation of the lines. 

The method described here attempts to do this. The procedure, analogous to 
that used in infrared and mass spectrometry, is to determine the relative intensities 
of a pair of lines involved for each element individually, and then to use these 
relative intensities to calculate the correction required to be applied to the summa- 
tion of the interfering lines. The summations are conveniently measured by integra- 
ting [1] the chart recording, or counting while the regions of interest are scanned 
using the automatic synchronous-motor goniometer drive mechanism. 

The elements vanadium, chromium and manganese, as present in the low-alloy 
steel series of standard samples prepared for X-ray use by Spex Industries, Inc., 
were chosen for this study. Table 1 shows their composition. 

If all the lines involved in an analysis are subject to interferences, it is necessary 
to set up and solve a series of linear equations. However, if there is one line free of 
interferences, the computation is much simplified. Only the simple case will be 
described here. The “free” line used in this example was vanadium K,. 


fl) L. 8S. Brrxs and E. J. Brooks, Anal. Chem. 22, 1017 (1950). 
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Table 1. X-ray spectrographic standards low-alloy steel series average analysis 


Si(Wt. %) Mn(Wt. %) Ni(Wt. % 


Cr(Wt. 9%), Mo(Wt. %) | V(Wt. %) Cu(Wt. %) 


] 0-013 0-16 5-15 0-044 O-18 0-034 0-090 
2 0-24 O-O1L6 1-10 0-20 0-007 0-46 0-11 


3 0-28 0-35 2-92 0-35 0-94 0-220 0-49 
4 0-295 0-525 2-08 0-53 1-29 0-52 0-11 


5 0-62 1-11 0-56 0-96 1-41 0-26 0-24 
: 6 0-130 1-21 0-18 2-3 0-53 0-36 0-23 


7 0-37 1-42 0-84 
8 Os! 0-048 0-42 ) 0 


To illustrate the method better the spectrograph was adjusted for low resolution 
by using an LiF crystal which gave broad lines and the low-resolution (3} in. long, 


10-mil spacing) collimator so that the lines could not be individually measured. 


scale 


5000 c/s full scole 


500 c/s full 


m 


Fig. 1. Chart recording of sample no. 6. Thi direction of scan was towards increasing 


wavelength, the rate of scan 2 /min. The integration of scan I was made by starting the s« ler 
for a 100-sec count when the goniometer reat hed 60-97°, When it reached 64°50", LOO sex 


later, the scaler stopped, and the count was rer wded. A similar procedure was used for 


scans IT and III. 


Fig. 1 is a chart recording of the three regions of interest using standard sample 
no. 6. The measurements were made on a General Electric XRD—5 X-ray emission 
spectrograph. A Machlett AEG 50S tungsten target tube operatedat50kV and 50mA 
was used for excitation, and a General Electric SPG—6 (xenon-filled proportional) 
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counter tube was the detector. Measurements were made by simultaneous auto- 
matic scanning, at 2°/min, and scaling, for 100 see, the regions marked I, II and 
III in Fig. 1. The analytical lines of interest were near the midpoint of each 
region. 

Bv scanning over the line in this fashion the net count, or average count rate 
above background, is decreased considerably from the count rate that would be 
observed at peak intensity. The exact factor depends on the angular range covered 
and the resolution of the spectrometer. In this case the factor was about 4. On 


V % 


in lOO sec scan 


1500 


inlOO sec scan 


10,000 } 


Counts «10 in 100 sec scon 
\ 
< 
2 
Counts «x 10 


Counts 


Fig. 2. Count 10-! obtained during 100-sec scan for each of the elements in the eight 
samples plotted as function of composition Note the increasing scatter in going from 
V to Cr to Mn, indicating the need for corrections due to interferences, 


the other hand, the background count rate is usually not changed significantly by 
the scanning technique unless some other line is included in the region covered by 
the scan. Because of the decreased peak-to-background ratio the method is not 
recommended for traces. 

In addition to the measurements on the samples, it is necessary to determine 
the ratio of intensities of K, to A, for vanadium and chromium. Using V,O, as a 
sample, regions IT and III were scanned, the ratio obtained was 0-278 for VK,/VK,; 
with K,Cr,0,, seanning ranges I and IT, the ratio 0-247 was obtained for CrA,,/CrXK,,. 

Fig. 2 shows the uncorrected count data for the various samples. It is evident 
that both vanadium and chromium counts correlate reasonably well with the 
nominal compositions in a straight-line plot, while three of the manganese samples, 
representing the three highest chromium contents are far from such a straight line. 
The intercepts of these lines after correction represent the background count rates, 
which may also be determined independently on samples free of manganese, 
chromium and vanadium. 
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Since vanadium has no interferences other than background, the amount may 
be represented analytically by the slope of the count rate vs. composition line, as 
in equation (1): 
— 350° 
(1) 
2660 

where 350 is the background correction, 2660 the count for 1°, vanadium, and 
XV is the count on the sample. All three numbers refer to the count obtained in 
scanning region III on appropriate samples. 

The chromium count needs to be corrected for both background and for the 
vanadium KA, line by subtracting 0-278 times the net V count for the sample and 
the background. 

=Cr — — 740 
6140 

740 being the background count and 6140 the net count for 1°, chromium; LV,,,,. 

is ©}V — 350. Similarly manganese content is given by 
Mn — (<XCr,,,,,)0°247 1995 (3) 

6646 

where 1995 is the background count and 6646 the additional count for 1°; manga- 
nese. The high value of the background is due in part to the tail of the iron K,- 
line extending into the manganese A,-range; with higher-resolution optics this 


would not occur. 
Table 2 gives the summations of counts for each of two independent scans of 


= 


Table 2. Summation of counts during 100-sec scan 


(V) (Cr) (Mn) 


75-26 67-58 60-97 


Sample no. 


Starting angle 


6203 


6224 


L008 10.853 


1023 6849 10,845 
6 1284 15,307 13,549 
1289 13,5 


14,067 


635 


651 11,463 14,080 
8 2049 20.053 11.903 
2057 20,067 11,857 


* All counts reported have had the final digit dropped. The actual count is ten times the number 
given. 
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the lines, and Table 3 compares the composition calculated by the use of equations 
(1), (2) and (3) with the nominal amounts. 


Table 3. Nominal and determined compositions 


\ Mn 


Nominal Observed Nominal Observed Nominal Observed 


0-034 00-0342 0-044 0-044 0-16 O-175 
0-46 0-448 O20 0-209 O-O16 0-O157 
0-220 211 O-35 0-349 0-35 0-367 
; i 0-52 0-499 0-53 0-530 0-525 0-514 


0-964 


The standard deviation of each of the pairs of data in Table 2 may be estimated 
from the range [2] and compared individually with the expected value, based on 
, N. The average ratio, S/o is 1-5, i.e. the standard deviation is, on the average, 
1-5 times the expected value, where the expected value is based on statistics [3] 
only. Thus instrumental and manipulative errors, and the change in operating 
conditions between the two measurements, which were made on different days, 
contribute slightly more than the statistics to the total error of duplicate measure- 
ments. 

The “actual” analysis of the standard samples will almost certainly be within 

0-02 per cent of the nominal values, and most will be within 0-01 per cent. 
Comparison with the nominal values of the values obtained by X-ray measurements 
reveals that there is no significant difference bet ween them. 
No account has been taken of the inter-element effects, which certainly have 


some bearing on the count rates observed. Fortunately, the two elements likely 


to produce the greatest effects, molybdenum and nickel, do not vary over a large 


range in these samples. Thus the inter-element effects similarly do not change 
very much. It is not reasonable to expect that the linear relationship which 


applies in the limited composition range exhibited by these samples could be 
extrapolated very far. The inter-element effects and non-linear calibration have 
nothing to do with the method by which the count-rate data are obtained. When 
these effects have to be considered they should be dealt with in the usual fashion. 

The specific values given for the background and sensitivity would have to 
be revised for any change in sample size, optics and detector. 

One advantage of the scanning—integration method of obtaining data is that 
it is not necessary to set the goniometer at the start of the scan with extreme 
accuracy, as is required if the resolved peaks are measured individually. An error 
in setting (or of backlash) of 0-01° at the peak may result in an error of count rate 


2) ©. L. Davirs, Statistical Methods in Research and Production p, 282 Oliver and Boyd, London (1954). 
3) P. D. Zemany, H. G. Preivrer and H. A. LiesHarsky, inal, Chem. 31, 1776 (1959). 
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of as much as | per cent at very high resolution, or even greater, if the peak has 


not been determined precisely. A similar error in setting for the scanning technique 
would result in a negligible error in integrated count. 

Another advantage of this method is the possibility of automating the data 
taking. With the aid of a printer adjusted to record at convenient intervals, all 
the data required could be obtained on tape with no attention from the operator 
beyond inserting the sample and starting the spectrometer scan. A few runs were 
made in this manner, with results comparable to those obtained above. Obviously, 
the intensity of other lines, not subject to interferences, can also be determined in 
this fashion. and a few of these were also satisfactorily determined. In this modi- 
fication of the method a chart recording is obtained for qualitative identification, 
while the tape contains data which may be used to obtain quantitative results on 
any element, with no additional instrument time. 
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A method for carbonyl! stretching-frequency assignment in 
dicarbonyl compounds* 


D. G. O'Suiurvan and P. W. SADLER 
Courtauld Institute of Biochemistry, The Middlesex Hospital, London 


Abstract —Dicarbony! compounds, possessing at least one carbonyl group associated with a 
benzene ring, at onsidered in this paper If a set of such compounds possessing suitable 
substituents in the benzene ring is available, investigation of possible linear correlations bet ween 


carbonyl stretching frequencies and corresponding HAMMETT o-values of the substituents may 


per t assign! nt of the individual carbonyl fre quencies to them re spective carbony! groups, 


Several examples are quoted The method, however, does not always prove succe asful and this 
is sometimes due to vibrational interactions between carbonyl groups which prevent individual 
wssignments. In these circumstances, study of o—» correlations may indicate the presence of 


Over recent years infra-red spectroscopy has so consistently aided the organic 


chemist that it has now become an indispensible auxiliary method on which very 
many chemical studies lean. In contrast, an example is given in this paper of a 
way in which organic synthesis can, in special cases, throw light on the spectra of 
certain complex organic molecules. Just as most applications of spectroscopy to 
chemistry are based on empirical data, so also the present method is based on 
empirically observed phenomena and does not rest on fundamental theory. 

Carbony! absorption is often complicated by hydrogen bonding [1] but, if the 
nature of the compound or the solvent suggests that one frequency may be 
produced by the hydrogen bonded group and one by the free group, studies using 
different concentrations and different solvents can usually clarify the position. 
This complication, which needs separate examination, is not considered in the 
following discussion. 

Stretching frequencies of carbonyl groups in dicarbonyl compounds may be 
readily interpreted with reference to the partic ular vibrating groups in two cases: 

1) Where the structure of the molecule is such that, by analogy with other 
compounds the fundamentals are « onfidently expected to occur at widely differing 
frequencies, Then coupling is most unlikely and the individual assignments follow. 

2) Where such symmetry exists that the fundamentals of the two carbonyl 
groups in isolation are identical. In this case one or two well-separated carbonyl 
absorptions may occur and these may result from reinforcement of the vibrational 
intensities and from vibrational coupling, respectively. 

In dicarbonyl compounds not falling into these groups it is difficult to make 
specific assignments or even to be sure that vibrational coupling is absent. 
However, in certain special cases it is possible to assign the individual frequencies 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna, 
1959: manuscript received January 1960. 


D. G. O'Sciurvan and P. W. Savuier, J. Chem. Soc. 876 (1959). 
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A method for carbonyl stretching-frequency assignment in dicarbonyl compounds 


by utilizing the well-known correlations between frequencies and HAMMETT 
a-values [2] that occur in aromatic compounds, 


Single correlation 

Consider, for example, a diketone (I) where the divalent group R is sufficiently 
large, or otherwise of such a nature, that substituent X has little influence on the 
ketonic group at the end of the side chain. If several compounds with varying 
substituents X in the meta- or para-positions are available, then examination of the 
spectra may indicate that one carbonyl frequency is constant and the other varies 
throughout the series of compounds. This alone is enough to suggest assignments, 
but furthermore, as carbonyl frequencies of ring-substituted benzoyl compounds, 
as a general rule, vary linearly with the Hammert o-values of substituents [3], the 
variable frequencies should give a straight-line plot with the corresponding o-values. 
If this occurs, the conclusion that the variable frequencies arise from the benzoyl] 
carbonyl groups and the constant frequency from the carbonyl group at the end 
of the side chain is proved beyond reasonable doubt. 


x 


co R 


COR 


Exam ple 

Substituted diacetylindoxyls (II) form the nearest approach to an example 
that has arisen in our work [4]. These compounds possess two carbonyl! frequencies 
(Table 1), the lower frequencies », bearing a linear relation to the o-values of the 
substituents, in virtue of their position meta or para to the Ph—N linkage, the 
correlation coefficient being 0-984. Although the higher frequencies », are not 
constant, they vary much less than the lower frequencies and they do not possess a 
linear relation to Ph—N. They do increase in a more regular fashion with the 
o-values of the substituents in relation to their orientation with respect to the 
Ph—C linkage, but no linear correlation exists. Now a nitrogen atom attached to 
and a constant ortho- 


a benzene ring readily transmits substituent effects [5, 6 
7|. Therefore the lower 


substituent has a constant influence on substituent effects 

frequencies y, (Table 1) are produced by the CO of the N-acetyl group. Substituents 

do have an effect on the O-acetyl frequencies in spite of the distance between the X 

and CO groups, because the whole ring system in diacetylindoxyl possesses some 

aromatic character and, in addition, substituent effects can get transmitted 

through an oxygen bridge. Thus, on the available evidence (Table 1), it is 

reasonable to ascribe the lower frequencies », to the N-acetyl and the v, frequencies 

to the O acety learbony! groups, respectively. 

2) L. P. Hammett, Physical Organic Chemistry p. 188. McGraw-Hill, New York (1940); H. H. Jarré 
Chem. Re 53, 191 (1953 

2) N. Fusown, M.-L. Josren and E. M. Suevron, J. Am. Chem. Soc 76, 2532 (1954 

41 8. J. Horr. A. E. D. G. O'Sviiivan and P. W. n. J. Chem. Soc. 1217 (1958). 

51 D. G. O'SuLiIvaN and P. W. Sapuer, J. Org. Chem. 21, 1179 (1956). 


61 D. G. O’Suuirvan and P. W. Sapier, J. Org. Chem 22, 283 (1057). 
7) A. KE. D. G. O’SuLiivan and P. W. J. Org. Chem. 22, 29 (1957). 
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Table 1. o-Values relative to Ph—N linkage and CO stretching frequencies of diacetylindoxyls 
and N-acetvlindoxyls in chloroform 


Diacet ylindoxyls (11) N-Acetylindoxyls (IV) 


Subst ituent 
"1 


6-NO, 0-710 1713 1757 

4-Cl, 5-Br 0-600 1711 1756 1685 1721 
6-Br 0-391 L707 752 1681 1714 
4-Cl 0-373 L708 1753 1681 1716 
6-C] 0-373 1707 1751 1680 1715 
6-1 0-352 L707 1750 1679 1715 
»-I 0-276 L707 1754 1677 1718 
5-Br 0-252 L706 1755 

5-Cl 0-227 1706 1755 1674 1719 
6-MeO 1702 L755 

5-F 0-062 L700 1751 1672 1716 
None On L700 1751 1673 1710 
5. Me 0-170 1696 1750 1669 1705 


1692 1745 L669 L703 


Double correlation 

In this case consider, in illustration, a diketone (IIT), where X is a variable 
substituent. and assume that two well-separated frequencies exist in the carbonyl 
region 80 that two sets of corresponding frequencies are readily selected from the 
spectral curves. Coupling between the CO vibrations is unlikely except when R, 
and R, together consist of a simple divalent group. It may be possible to confirm 
the absence of coupling and to allocate the frequencies to their respective groups 
by utilizing o—v correlations. 


COMe 


IV 


In each compound, substituent X possesses two o-values depending on 
whether its position is considered relative to the side chain at position | or relative 
to the side chain at position 2. If these values are called o, and c,, respectively, 
then, for each compound in the series of substituted compounds, we have two o- and 
two »-values and if these can be correctly paired the frequency assignments follow. 
Consequently, if it is demonstrated that a linear correspondence exists between one 
set of v-values and one set of o-values and that a different linear relation exists 
between the other two sets, but that when differently paired no such relation 
emerges, then it is extremely likely that each carbonyl frequency may be referred 
to a specific carbonyl group, i.e. coupling is absent and the actual assignment is 
evident for each frequency. Mapping on graph paper four sets of plots shows 
whether this applies in any particular case. As both sets of frequencies show a 
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general tendency to increase together, and as the frequency displacements are 
small, the confidence that can be placed in the results depends on the sharpness of 
the peaks, the accuracy of measurement of the frequency differences, the number 
and type of substituted compounds studied, and the extent to which the figures 
deviate from linearity. Unfortunately, there are no objective guides and the 
assessment must rest on how persuasive the evidence appears to the investigator. 
It is gratifying, however, that correlation coefficients very close to unity have 
frequently been obtained in o—» correlations |1, 4, 8, 9]. 


Example 


(a) N-Acetylindoxyls. The two carbonyl frequencies possessed by substituted 
N-acetylindoxyls (IV) are listed in Table | and it is clear that the lower frequencies 
y, are linearly related to o-values that the substituents possess in virtue of their 
position relative to the Ph—N linkage. The equation for the regression line is 
vy 1673 + 19-40», ~ and the correlation coefficient is 0-966. Consequently 
these frequencies arise from the N-acetyl carbonyl group. Table 2 shows the 
relation between the upper frequencies y, and o-values relative to the Ph—CO 
linkage, thus demonstrating the origin of the », frequencies. Here the best 
frequency values are given by rv, 1708 26-7op), 
coefticient is 0-972. 


~ and the correlation 


Table 2. o-Values relative to Ph—C linkage and upper CO stretching frequencies of 
N-acetylindoxyls (LV) in chloroform 


Subst ituent 4-Cl, 5-Br 5-Cl 5-1 


O-373 
1719 


0-352 
1718 


1721 


6-Br 6-C] None 5-Me 


0-232 0-227 0-0 0-069 
1714 1715 1710 1705 


(b) Lsatins and isatoic anhydrides. Substituted isatins (V) may be compared 
with isatoic anhydrides (VI). Coupling between the carbonyl vibrations is a 
distinct possibility in these compounds although the CO groups are not symmetri- 
cally placed. Indeed coupling is a common phenomenon with acid anhydrides. 
Examples also exist of «-diketones possessing coupled carbonyl vibrations, 
although it does not appear to be of frequent occurrence with these compounds. 


D. G. O'SuLiivan and P. W. J. Chem. Soc. 2916 (1957). 
{9} D. G. O'SuLLIVAN and P. W. Sapier, J. Chem. Soc. 4144 (1957). 
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Sixteen substituted isatins which were studied all possessed two carbonyl 
frequencies, the lower set of frequencies being linearly related to the o-values of 
substituents taken relative to the Ph—C linkage [10] and the upper set being 
related to o-values relative to the Ph—N linkage [11]. As the alternative pairing 
produces poorer correlation it seems very likely that coupling is absent and that the 
carbonyl group at position 3 produces the lower frequencies and that at position 2 
produces the higher frequencies. 

Thirteen substituted isatoic anhydrides (V1) each possessed carbony! frequencies 
in the 1740 and 1790 em~! regions [8]. Each set of frequencies shows a tendency to 
increase with increasing o-values, but correlations are poor. However, the 
separation between the frequencies remains reasonably constant which suggests 
that both frequencies are equally affected by substituents. To check this the 
means of the two frequencies were considered in relation to the means of the two 
«-values for each substituent. This tests whether the frequencies are equally 
affected by substituent effects transmitted both through the Ph—C and the Ph—N 
linkages. The best line for the mean frequencies 7 is given by ? 1760 + 15-386 
with the very high correlation coefficient of 0-990. These results strongly indicate 
coupling in these compounds. 

The above examples illustrate that by producing suitable compounds the 
chemist can provide information on spectral detail. It is not uncommon for 
suitable sets of compounds to be prepared primarily for biological tests and then 
to be available for spectroscopic study. Study of ortho-substituents [12] may 
support conclusions reached from studies of substituents in the other positions, 
even though correlations with Hammett o-values are not possible. It is conceivable 
that the assignment process could be extended to cover a wider range of compounds 
by utilizing correlations with Tart’s o, and co, constants. Finally, as the intensities 
of the stretching absorptions of nitrile, carbonyl and other groups attached to a 
benzene ring are related to, and sometimes vary greatly with, the HAMMETT o- 
values of other substituents in the meta- and para-positions [13], intensity studies 
may provide strong support for assignments based on o—» correlations. 


Experimental 
Spectra were determined using a Perkin-Elmer model 21 spectrophotometer 
with a sodium chloride prism. Chloroform was used because all the compounds 


were adequately soluble on this solvent. 
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Vibrational spectra and structure of tetrasilylhydrazine and 
tetrasilylhydrazine-d,, 


B. J. Ayterr*, J. R. D. C. McKgean*, R. Taytort 


and L. A. WoopwarRpt 
*Chemistry Department, Aberdeen University and *Inorganic Chemistry Laboratory, 
Oxford University 


(Received 2 February 1960) 


Abstract—Infra-red Raman spectra have been obtained for N,(SiH,), and N,(SiD,), and are interpreted 
in terms of a D,, (staggered) configuration for the molecular skeleton. 


Introduction 
THE spectra and structure of hydrazine and its derivatives have been of considerable 
interest for a number of years. 

In 1934 PENNEY and SuTHERLAND [1] put forward on theoretical grounds the 
present accepted structure in which the HNH and NNH angles are near tetrahedral, 
but the two NH, groups are rotated away from the eclipsed configuration through 
90°. The high-resolution infra-red spectrum is compatible with this model [2-4] 
although a detailed interpretation has yet to be completed. 

In the case of the derivative tetramethylhydrazine, recent studies of the 
infra-red [5] and Raman [6] spectra reveal a large number of intense bands or 
lines with many frequencies occurring in both spectra. The point group of the 
molecular skeleton is doubtless that of hydrazine itself (C,). The silicon analogue of 
this derivative, however, is expected to differ radically in structure. The chemical 
behaviour of tetrasilylhydrazine has been shown by one of us [7] to include a 
notable absence of electron-donor property, a characteristic shared with tri- 
silylamine, in which the normal pyramidal disposition of the nitrogen valencies 
has been altered to a planar one 


8,9], presumably as the result of p, — d, bonding 
between nitrogen and silicon. 

This planarity of the NSi, skeleton in trisilylamine suggests that in tetra- 
silylhydrazine the heavy atoms may be arranged in an ethylene-like manner 
(point group D,,) or in the corresponding configuration in which one end has been 


1) W.G. Penney and G. B. B. M. Surmertanp, Trans. Faraday Soc. 30, 898 (1934). 

2) P. A. Grevere and I. R. Liv, J. Chem. Phys. 20, 136 (1952). 

|3| H. M. Mourn, W. C. Price, G R. WiLkrxson and R. Woon, International Meeting of the European 
Molecular Spectroscopy (jroup, Freiburg, July, 1957. 

A. Yamacvent, I. Icursuima, T. and 8. Mizusuima, J. Chem. Phys. 31, 843 (1959). 

(5) D. C. McKEan, S pectroc him. Acta 10, 161 (1957) 

6| J. R. Hate and L. A. Woopwarp. Unpublished work. 

71 B. J. Ayverr. J. Inorg. Nuclear Chem. 2, 325 (1956). 

{8| K. Hepsure, J. Amer. Chem. Soc. 77, 6491 (1955). 

{9} E. A. V. Essworrn, J. R. Hawi, M. J. Mackitior, D.C, McKean, N. SHerrarp and L. A. Woop- 

WARD, Spectrochim. Acta 13, 202 (1958): D. W. Roprxson, J. Am. Chem. Soc. 80, 5924 (1958). 
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rotated through 90°, as in gaseous diboron tetrachloride [10,11] (point group D,,). 
The infra-red and Raman spectra of tetrasilylhydrazine (hereafter TSH) have been 
investigated in the hope of deciding between the Dy, dD, and (', structures, 


A partial assignment can be made on the basis of a D,, model. 


Experimental 

Samples of the TSH and TSH-d,, were prepared by the original method |7} 
from hydrazine and silyl iodide or silyl iodide-d,. The latter was made by the 
usual sequence of reactions: 
Since the sib, contained a small proportion of SiD,H, several bands were observed 
in the infra-red spectrum of TSH-d,, due to SiD,H groups. These were identified 
by equilibrating the SiD,! with some SiH,I, and preparing a further sample 
of TSH-d,, with a higher H content. 

The infra-red spectra shown in Figs. 1 and 2 were measured in the gas phase 
in cells 2. 10 or 50cm long, the NaCl or KBr windows being attached with 
heeswax—rosin mixture. The solid-state spectra were obtained from a film 
deposited on a window cooled to 90°K. The spectrometer was the Hilger H 800 
double-beam instrument equipped with NaCl and KBr prisms. The frequencies 
viven in Table 1 are accurate to about 2 cm~! below 1100 cm land 5 em! above. 

The Raman spectrum of liquid TSH was photographed with the apparatus 
previously described [12] (Toronto are excitation: Hilger E518 spectrograph). 
The sample (volume 0-3 ml), was transferred in vacuo to the Pyrex Raman vessel 
which had been dried thoroughly beforehand by prolonged heating and evacuation. 
During the exposures the sample was maintained at approximately 0°C. The 
principal exciting line was Hg 4358 A: primary lines of lower wavelength were 
suppressed by a filter of m-dinitrobenzene in benzene solution. Kodak Special 
Scientific plates (Oa, G) were used with a range of exposure times up to 2 hr. 
The spectra obtained were of good quality with little continous background. 
The microphotometer record given in Fig. 3 is chosen to show the principal 
features. Because of their proximity to the much overexposed primary line the 
Raman lines with Ay less than about 300 em! in this record are relatively 
inconspicuous. They could be seen clearly, however, by visual inspection of the 
plates (especially those with the shorter exposure times) and their frequencies 
could be measured without serious difficulty with the travelling microscope. 

Only 150 mg of TSH-d,, was available for the Raman investigation, so this 
i-s¢ of methylene chloride; thereafter the procedure 


amount was dissolved in 
was the same as for TSH except that photographs were also taken using a Hilger 
E612 spectrograph equipped with E614 camera. The measured frequencies are 
included in Table 1, but the spectra were incomplete on account of the weakness 
of the solution and the interference of lines from the solvent. 


10) K. Heppere, M. Jonrs and V. ScHomMaker, Second International Congress on rystallography, 
Stockh 195) 

1b} DI Mann and L. Fano. J. Chem. Phys. 26, 1665 (1957) 

12) J. A. Roire and L, A. Woopwarp, Trans Faraday Soc, 50, 1030 (1954). 
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Table 1. Infra-red and Raman frequencies of TSH and TSH-d,, 


(SiH,),N. 


(SiD,),N, 


Infra-red Raman Infra-red Raman 


Gas Solid Liquid 


7m, sp, depol. 
b. depol. 
b. depol. 


Ww, b. ce pol. 


w, sp, pol. 
7 w, sp, pol. 
w, b. ?depol 


8, Sp, pol. 


559 
576 vw 583 m, sp, depol. 
H00 
633 38 w, sp, depol. 636 
contour) 645 682 
Le 701 


709s 706 a b, depol. 


s 


888 sh, vw 
909 sh, \ s, b, depol. 


937 vs 
955 vs 
970s, b, depol. 
997 vw 
1026s 1033 s 1025 vw 1013 
1052 w, sp, pol. 
1094 w 1151 
1216 vw 1215 
1304 vw 1307 
1356 \ 1345 
1370 
1426 v 1435 
1481 


1563 
1560 1591 
1603 vy 1745 
1650 L809 


~2097 sh 2062 vw 


Solid CH.Cl, Solution 


396 w, sp, depol. 
8, Sp, pol. 

)m, sp, depol. 

m, sp, depol. 

n, sp, depol. 

, 8p, depol. 


Sp, depol. 


1014 vs 
1043 m, sp, pol. 


1542 vs 
1566 Vs 1565 Vs, sp, pol. 
1580 vs 1595 ms, sp, depol. 
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8 
14 
29 
27) 
32 
4 : 
39 
162 
e 493 vw, b 483 vw 
497 vw 
m 553 8 
v 595 w 
vw 
ive 670", 
Vs vs 
721 w 716 w 
ma 792s 741 vs 729 vs 
Be 845 w 832 w 
878s W 873 w 
2 890 sh 
901s > 
925 w 
i 
vw 
vw, b 
vw 
: 
vw 
vw 
vw 
Vs 
Vs 
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Table 1. ( ontd.) 


(SiH,),N, 


Infra-red faman Infra-red faman 


Gas Solid Liquid Gas Solid CH.,Cl, solution 


2165 vs 2172 vs, sp, pol. "2165 w 2142 w 
~2240 sh 2263 vw 

2400 vw 

vw 

3170 


270 vw 


4335 vw 


All frequencies are in em™' very, 0 medium, 8 strong, Ww weak sh shoulder, sp 


\ \ 
sharp, b broad, pol polarized, depol depolarized 


Qualitative information as to the states of polarization of all but the weakest 
Raman lines was obtained by the method of incident polarized light, successive 
exposures being taken with cylinders of suitably oriented polaroid surrounding 
the Raman vessel. The limits of error of the measured frequencies are estimated at 

2 em for strong, sharp lines; for the weaker or broader features the error may 


be somewhat larger. 


Selection rules 


The possibilities of distinguishing between the D,,, De, and (, models for 


the N,Si, skeleton are illustrated in Table 2, which lists the nature, symmetry 
species and spectral activ ity of the skeletal vibrations for the above point groups. 

For the D,, model there is a centre of symmetry and no coincidences are 
allowed in the infra-red and Raman spectra. Only three skeletal bending modes 
are Raman-active For the dD, model, however, coincidences may oceur in the 
infra-red-active B, and F classes Moreover. five bending modes are permitted 
in the Raman effect. The C, model includes a range of possible configurations, 
the extreme case presumably being the configuration of hydrazine itself. All 
modes are active in both types ot spectra. 

When the positions of the hydrogen atoms also are considered, it is seen that 
exact D,,, D, and (’, symmetry 1s only present for two unique sets of positions 
of the twelve atoms. In considering the stret« hing. deformation or rocking modes 
of the SiH, groups it is fairly safe to assume that these groups have cylindrical 
symmetry and that the appropriate D,,, D,, and (, selection rules will apply. 
Previous experience suggests that the modes most likely to be of help in deciding 
the configuration are those involving silyl rocking: three of these are infra-red-active 
for D,, or D,, symmetry, five for C,. Table 3 enumerates and classifies the 
thirty-six distinct fundamental frequencies of an N,(SiH;), molecule of D4, 
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Table 2. Nature, symmetry species and activity of the skeletal 


vibrations of TSH for various configurations 


Dy Dyq 


Specie 


LR. R Species LR. R Species LR. R 


N—N stretch 


N—ASi sym. stretch A ia a A, ia a A a a 


N—ASi asym. stretch 


NSi, deformation 


NSi, wag 


NSi, rock 


torsion 


LR. infra-red, R 


- Raman, ia inactive, a active. 


Table 3. Nature, symmetry species and activity of the normal vibrations 
of TSH for the point group D,, 


A, A, B, B, EB 
I.R. ia I.R. ia L.R. ia I.R.a I.R.a 
Ra 2 ia Ra Ra Ra 


H asym. stretch V9 Vis Voss Yog 
Si—H sym. stretch Vy Vig Voq 
N—N stretch Vg 
N—Si asym. stretch Vos 
SiH, asym. deformation Vio Vig Yoo 
SiH, sym. deformation Vs Voy Vay 
SiH, rock Ve Yoo Vag 
N—Si sym. stretch Vo Yes 
Skeletal deformation Vp Vi6 Voy 
SiH, torsion Vio Viz Vag 


Assignment 
The problem of assignment has been facilitated by the studies of other sily] 
compounds and in particular of N(SiH;), [9], N(SiD,), [9], CH,N(SiH,), [13] 
and CH,N(SiD,), | 13}. 


13] M. Burrier, D. C. McKean, R. Tayior and L. A. Woopwarp. Unpublished work. 


Cs 
A ia a A, ia a A a a 
4 
Bs, a la B, a a a a 
B,, ia a } ' B a a 
; FP A, ia a A, ia a A a a 
” Bs, a ia B, a a B a a 
2 
B,, ia a | | A a a 
By a ia B a a 
, B ia a | : | A a a - 
B,, a ia B a a 
i A, ia ia B, ia a A a a 
/* 
| 
ag 
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hwdrazgme. equivalent partial pressures n cm 
30 mm, B, OS 


Solid film dey osited at approxit mately 100 K 


etrasil 


Si—H and Si—D stretching frequencies are well known to lie in the regions 
9150-2200 and 1550-1600 em~!, respectively. SiH, and SiD, deformations in 


- 


> Infra-red spectra of tetrasilvlhydrazine-d,,. Gas: equivalent partial pressures in 10 cm 


cell 4. 1-2 mo B, 10 mm, C, 50 mr The broken curve represents part of the spectrum 
of the 'H-enriched gas. Solid: film deposited at approximately 100 K. 


disiloxane and trisilylamine have been assigned [14,9] to Raman lines at 1009 
and 1011 cm-!, respectively. By contrast, in disilane [15] the symmetrical 
Lorp. D. W. Rosrxson and W. C. Scuump, J. Am. Chem. Soc. 78, 1327 (1956). 

W. BeruKe and M. K. Wiiso0n, J. Chem Phys. 26, 1107 (1957). 
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out-of-phase SiH, deformation frequency 1s unusually low (843-5cm~'). The 
rocking frequencies in this molecule are also exceptionally low, the normal range 
of frequency being 650-770 em~—! (SiH,) or 500-600 em (SiD,) for silicon bonded 
to an element in the first or second row of the periodic table. 

While little can be said in advance concerning the position of the skeletal 
bending frequencies except that by comparison with tetramethylhydrazine they 
may be expected to be for the most part well below 500 cm ! a rough prediction 
of the skeletal stretching frequencies may be made from the known N—WN and 


Fig. 3. Microphotometer trace of Raman spectrum of TSH. 


N—Si stretching frequencies in N,H, [16] and N(SiH,), [9], respectively. These are 
vex, 876em™!; asym. 996 em sym. 496 em 1 For either the 
or D,, models a crude calculation for TSH, assuming an SiNSi angle of 120° and 
neglecting the existence of bending modes, puts the A, stretching frequencies 
at 1095 and 410 em~', respectively, asym. vys; at 996 em lin the £ or B,,, species, 
syM. at 710 in the B, or By, species. 

Skeletal stretching modes. Referring to the infra-red spectra in Figs. 1 and 2, 
it is seen that the strong band at 1026 cm™ in TSH reappears at 1013 em 
in TSH-d,,. This is clearly asyM. Vy; (V2: species E, in Table 3). The presence of a 
corresponding line at 1025 em 1 in the Raman spectrum of TSH is strong ev idence 


in favour of the D,, model. 
The polarized Raman lines of TSH at 1052 and 462 cm~! are assigned to 
Yew (Pg, and 4%), respectively: for TSH-d,, the values become 1043 


and 429 cm~'. 


(16) L. Kanovec and K, W. F. Z. physik. Chem. (Leipzig) 38, 96 (1938). 
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The sym. rye; mode (r,s, 6,) is here assigned less surely to the frequencies 
of 584 and 636 em~! in TSH and TSH-d,,, respectively. The problem is discussed 
below in connexion with the silyl rocking modes, 

Si—H and Si—D stretching modes. For TSH there is in the Si—H stretching 
region only one infra-red band, at 2165 cm~', and a single, very strong Raman 
line at 2172 cm~'. For TSH-d,,, on the other hand, each spectrum contains two 
features attributable to Si—D stretching modes: the infra-red frequencies are 1563 
and 1591 em~! and the Raman 1565 and 1595 em~!. The polarization results 
(see Table 1) permit the assignment of the lower frequency in part to the A, modes 
vy, and 

SiH, and SiD, deformation modes. The bands and lines between 924 and 
997 cm~! may be confidently assigned to 6,;,,, modes. An interesting feature of the 
infra-red spectrum in this region is the splitting of the bands and shift of peak 
intensity to lower frequencies which occurs on passing from the gas to the solid 
state. This appears to be a general characteristic of silyl compounds and is 
perhaps due to a dielectric medium effect as discussed for instance by Haas 
and Kerenaar [17]. The infra-red absorption bands of TSH-d,, at 682, 701 
and 741 cm! are all assigned to d.;), modes; the intensities of all three bands 
decreased when the proportion of hydrogen impurity in the sample was increased. 
The value of 741 cm~! is unusually high for such a mode, which leads us to suppose 
that the deformation is coupled to a skeletal stretching mode lying not far below. 
This latter mode can only be r,,(b,) and accordingly the band at 741 cm~! is 
ascribed to v.,(b,). This interpretation is suggested by an examination of the 
Raman spectrum of CH,N(SiD),), [13 


in which the appearance of three strong 
polarized lines at 749, 601 and 508 em~! can be explained only by assuming 
considerable mechanical coupling to occur between psip, and sym. 
motions in the A, species. 

Only one Raman line, at 670 cm~', is reported here for TSH-d,, on account of 
the interference from methylene chloride lines in this region. 

SiH, and SiD, rocking modes. The mechanical coupling described above is 
invoked to explain an unusual feature of the frequency region between 810 and 
480 em~! which contains the infra-red bands as yet unassigned. This feature is 
the intense infra-red band at 803 em~! in TSH which appears to have no counter- 
part in the spectrum of TSH-d,,. No silyl rocking mode has previously been 
identified having so high a frequency. We suppose it to be psiy,, ¥g9(b,) coupled 
strongly to sym. rysj, Ve3(%,), the latter giving rise to one of the two weak bands 
at 635 and 584cm~'. By contrast, the intense infra-red band at 709 cm~! has a 
value which is normal for a p.z;,,, mode and it exhibits a normal deuteration shift 
when associated with the band at 559 cm~! in TSH-d,,. It is assigned here to 
v,.(¢). The remaining infra-red-active rocking mode v,,(¢) will be either 635 cem7! 


or 584 em~! according to the choice made for v,,. If the analogy with CH,N(SiH,), 
be stressed, then v,, is the lower, v,, the higher frequency. The observed per- 
pendicular-type contour of the band at 635 em~! can in fact be explained only by 


assigning it to the # species. 
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That two, or possibly three of these infra-red bands have counter-parts in the 
Raman spectrum is further strong evidence against the D,, model. 

Apart from the correlation 709-559 em 1 mentioned above, the interpretation 
of the TSH-d,, frequencies is uncertain. The weak infra-red band at 636 cm™ 
is assigned to With psin, NOW lying below it, either at 534 em 
or at 504em~!. A correlation between 635 em (TSH) and 504 or 486 cm"! 
(TSH-d,,) suggests that these frequencies should be assigned to v3: however, the 
underlying skeletal deformation modes may be responsible for unusual deuteration 
shifts in the higher modes. It is not impossible for the frequencies 534 and 486 cm™! 
to be due to TSH-d,, molecules. 

Skeletal bending modes. The highest skeletal bending frequency in tetramethyl- 
hydrazine [5,6] lies at 509 em | and it seems reasonable to conclude that the TSH 
frequencies will all lie below this value. In the Raman spectrum of TSH seven 
lines are in fact observed below 400 cm~'. This number would only be obtained 
for a molecule of C,-symmetry. However, several of the lines correspond closely 
with the principal lines in the Raman spectra of liquid silyl iodide and silylene 
iodide [18], and these two substances are the two impurities most likely to be 
present: the amounts would not have to be large for their very intense lines to be 
detectable. 

The polarized lines at 325 and 357 cm-! can thus be accounted for as the 
polarized lines of SiH,I, and SiH,I at 325 and 351. respectively. This 
explanation is supported by the consideration that not even the totally symmetric 
skeletal deformation lines would be expected, in view of the rule of ELIASHEVITCH 
and WoLKENSTEIN [19], to be detectably polarized. The depolarized line found 
at 87 cm~! may also be the 87 em line of SiH,I,, while the broad line at 395 em : 
is likely to be due in part to the sharp 387 cm~! line of the same impurity. It is 
just possible that the higher-frequency component of the bre vad line may correspond 
to the line found at 396 em~! in the spectrum of TSH-d,,, but the latter is more 
likely to be due to molecules containing hydrogen impurity. Apart trom this 
broad line, three Raman lines, at 149, 225 and 275 cm~!, remain to be assigned 
to the skeletal bending modes of TSH. 

Impurity bands in the infra-red spectra of TSH dj». The band at 2165 em | is 


readily identified as due to SiH impurity. By comparing the integrat d intensity 
of this band with that of the SiD stretching mode, an approximate estimate 
of 2 per cent can be made for the abundance of the lighter isotop« ‘hen the 


hydrogen content is increased, see Fig. 2(a) and (b), the bands at 682, 701 ar 
741 cm~! show the expected decrease of intensity; but bands at 600, 721, 540, S40 
TSH-d, 

Similar impurity bands in the spectrum of SiD,I at 801-5 and 840-5 em" 
have been attributed [20], respectively to SiD,HI and SiDH,I. 1 hey undoubtedly 
involve hydrogen bending motions. Since sin, in SiDH,I appears at a lower 
frequency (840-5) than osin, in SiH,I (903 em~*), it is reasonable to assume that Osjp, 


and 925 become more intense and so must be attributed to species other than 


[18] R. Tayior and L. A. WoopwaARD. Unpublished work. 
(19) M. Evrasnevires and M. WoLKENSTEIN, Zhur. Fiz. Khim. 9, 101 (1945). 
H. R. and E. R. Nixon, Spectrochim. Acta 12, 41 (1958). 
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in an SiD,H group will usually lie below d,;,, in an SiD, group. Hence a reason- 


able assignment for the band at 600 cm~! in TSH-d,, is dg;p. in an SiD,H group. 
The bands at 845 and 875 em~! will be the two 46, vibrations of the same group. 
The weak band at 925 cm~'! is probably to be assigned to dg;,,, in an SiDH, group. 
There remains the band at 721 em=!, which may be analogous to the impurity 
band at 735 em~! observed for N(SiD,), |9], and which appears to be rather high 
for an SiD, mode. A likely explanation of the appearance of these bands is that 
they are due to symmetrical SiD, deformation modes involving two SiD, groups 
(moving in phase) in trisilylamine-d, or three SiD, groups in TSH-d,,. 

Since for a hydrogen concentration of 2 per cent nearly one-third of the 
molecules will contain one hydrogen atom it seems possible that the Raman 
frequency 396 cm~! is due to a mode of the SiD,H group. No other satisfactory 
explan ition can at present be proposed. 

Overtones and combination bands. A number of weak bands are found in the 
infra-red spectra of TSH and TSH-d,, which are undoubtedly due to combination 
or overtone frequencies. No unambiguous assignment of these can be made as yet. 
The two weak satellites of the impurity band at 2165 em~' in TSH-d 
l 


perhaps 
indicate that a fundamental frequency of about 100 em~' is associated with an 


SiD,H group. However, alternative assignments can be found. 


General conclusions 


The spectra reported are clearly incomplete: some frequencies have probably 
escaped observation owing to their extreme weakness and others have probably 
not been resolved. However, the spectra show an obvious simplicity when 
compared with the corresponding ones of tetramethyl hydrazine obtained with 
the same apparatus and techniques [5, 6]. The number of intense bands and lines 
for the tetramethyl compound is greater than for the tetrasilyl compound, and 
there are many more coincidences between infra-red and Raman. This suggests 
that the symmetry of TSH is higher (either ),, or ),,) than that of tetramethyl 
hydrazine (C,). Of the alternatives D,, and D,, the evidence above strongly 
favours D,,. 

Although, in view of the incompleteness of the observations, a fully convincing 
discrimination between D),, and C, does not appear possible, the number of 
Raman lines of TSH found to be definitely polarized (namely, three) is more 
reasonable in relation to the number permitted for /),, (eight) than in relation 
to the corresponding number for C, (twenty-five). 

The first recognizable effect of a small distortion from the D,, structure would 
probably be a splitting of the asym. ry.; frequency 1026 cm~! (r4., €), see Table 2. 
How great a distortion would be required to produce an observable effect is hard 
to predict. The appearance of the band at 1033 cm~! in the infra-red spectrum 
of TSH in the solid state suggests an incipient splitting of the order of 2 or 3 cm~!, 
but this may of course be merely the effect of the crystal field. 

A splitting of the silyl rocking frequency, v,,, might also be observed, but in 
this instance mechanical coupling between the two ends of the molecule may well 
be small in extent, and the splitting in a C, model negligible. 
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A situation which can be eliminated with a fair degree of certainty is that in 
which there is free rotation about the N—N bond. This would be expected to 
produce a considerable broadening of the bands and lines due to skeletal modes 
which is not observed. If the rotation is restricted, but the potential barrier low, 
there is the possibility of a change of structure with change of phase such as is 
observed in the case of B,Cl, [21]. The close resemblance between the infra-red 
spectra of TSH and TSH-d,, in the gaseous and solid states suggests that the 
shape of the molecule remains unchanged.* 

Finally, it may be noted that the value of the antisym. yg; (¥s) in TSH-d,, 
(1013 em-) is rather higher than that of the corresponding mode in trisilylamine-d, 
(964 em~!). This may be due to the presence in TSH either of increased coupling 
between skeletal stretching and bending motion: or of a higher Si—N stretching 
force constant: or of a larger SiNSi interbond angle, as compared with N(SiH,)s. 


Theoretical considerations 

The D,, structure, to which this spectroscopic study points, is that predicted 
by the empirical rule of WHeatLey [23] that X,AAX, molecules are non planar 
whenever the number of valency electrons is fourteen, twenty-six or thirty-eight. 
WHEATLEY also suggests that the o-bond system of an A,X, molecule may tend 
to stabilize a planar structure. Such a suggestion appears to be at variance with 
simple ideas of electron repulsion and the following discussion examines the 
consequences of considering only the z-electron bonding. 

Six molecular orbitals for TSH may be constructed from the nitrogen p, 
and silicon d. orbitals and these are depicted in Fig. 4 for the D,, and D),, models. 
For simplicity, these orbitals are labelled (1) (6), in order of decreasing 
stability. The order of stability may be justified as follows. In the D,, orbitals 
the degenerate pair (1) and (2) involve NSi bonding and are NN non-bonding; 
(3) and (4) are virtually SiSi non-bonding; (5) and (6) are NSi anti-bonding 
and NN non-bonding. It is clear that the four electrons of the N,Si, skeleton will 
occupy the degenerate pair (1) and (2). These considerations are independent of 
the strength of the NSi interaction except in so far as it must be present in order 
to render each end planar. 

In the D,, model, the order of stability of the orbitals has been indicated for 
the case of N,O, by Covtson and Ducnesye [24]. This might appear to be 
applicable only to the case where strong overlap between N and the external 
atom occurs. Where the overlap is small, as with the ds, and py orbitals, there 
will be a strong tendency for the electrons in (1) to be concentrated in the nitrogen 
atoms, their position on the silicon atoms being energetically unfavourable. 
Since (5) is in the same class as (1) it will involve a high concentration of charge 
on the silicon atoms and so be unstable. Orbitals (3) and (4) involve only the 


* In contrast with the case of N,O,, which can exist in both D,, and D,, forms in the solid state | 22). 


21) M. Aroat. P. J. Wueatiey and W. N. Lrescoms, J. Chem. Phys 27, 196 (1957). 

22) J. C. Hisatsune and J. P. J. Chem. Phys. $1, 1130 (1959); W. G. Faretey, H. A. Bent 
and B. Crawrorp, Jbid. 31, 204 (195%). 

23 P. J. WHEATLEY. J. Chem. Soc. $514 (1956). 

24) C. A. CouLson and J. Ducnesner, Bull. classe sci., Acad. roy. Belg. 522 (1957). 
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silicon atoms and are likewise unstable. Four electrons will therefore preferentially 
occupy (1) and (2). 


The relative stability of the D,, and D,, models thus depends on that of the 
orbitals (1) and (2) in the two cases. In the D,, model, when no NSi 7-bonding 
is present, (1) and (2) together represent the interaction of two filled coplanar 
p-orbitals on adjacent nitrogen atoms, a situation which the structures of O,, H,O, 


Vos 


Fig. 4. Molecular orbitals for D,, and D,, models of the N,Si, skeleton, Amongst the Dy, 
orbitals, the pairs | and 2, 5 and 6, are degenerat 


and N,H, show to be unstable.* This situation will not be altered by a small 


amount of NSi z-bonding, and accordingly the allene-type ),, configuration 
will be the more stable one. 
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RESEARCH NOTES 


Observations on the Slavin iron-globule arc 
(Received 21 Fe bruary 1960) 


SLAvrn [1] described a modified form of Prunp [2] iron-globule are and reported a constancy 
within +1 per cent in the integrated intensity of emission in successive l-min exposures, 
measuring line Fe 3017-6 A. If this reproducibility is sustained the are could be a useful 
standard source for several applications in ultra-violet photometry. This note reports 
observations which conflict in some respects with those of SLavix; but we nevertheless 
believe the source has merit as a potential standard of reference. 

The lower electrode consists of a globule of iron oxide formed from 0-25 to 0-5 g of pure 
iron supported on a cupped graphite rod 3, in. in diameter. The upper, negative, electrode 
is a pointed graphite rod } in. in diameter. The gap recommended by SLAVIN is 6-5 mm and 
the current 4-0 A. 


4 i 
THIS REPORT 
SLAVIN 


7 4 
GAP WIOTH , MM 


Fig. 1. Variation with gap length of emission intensity of Fe 3017-6 A. 


In our preliminary experiments with this source a j-in. diameter top electrode was 
used, but stability was poor, intensities of line 3017-6 A varying more than 10 per cent from 
the mean. Using the prescribed }-in. graphite, however, we succeeded in reducing the 
variations to 3 percent. It thus appears that thinness of the top electrode is an important 
requirement for good stability. Unfortunately this feature brings with it fast consumption 
of rod (4mm/min); consequently the gap needs frequent adjustment, and the practical 
time of burning without interruption is somewhat limited. 

With the thinner rod the electrode tip is hotter, the wandering of cathode spot is less 
erratic and the upward stream of air probably flows faster and more steadily. This self- 
generated airstream is obviously an important stabilizing influence and the Slavin are 
might be further improved by imposing a vertical stream from a blower. We have not 
pursued experiments in this direction with the iron-globule arc, but we describe in another 
paper [3] the application of axial streaming to a nickel are using metal-rod electrodes 

Fig. | shows the curve we obtained for the relation between gap length and emission 

M. Staven, Ind. Eng. Chem. Anal, Ed, 12, 131 (1940 
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intensity from the whole gap compared with the published curve of SLAVIN, who apparently 
illuminated his spectrograph from a restricted central portion of the are column. 

Fig. 2 shows a comparison of our curve with that of SLAVIN for the variation of emission 
along the are column. StLavin obtained his measurements by imaging the source on the 
spectrograph slit ind taking the densities at different portions of the spectrogram line as an 
indieation of the relative emission intensities at corresponding portions of the arc column. 
Clearly the curve is grossly distorted. We obtained our points by successive exposures 


with different short lengths (0-3 mm) of the are column imaged on a slot in a mask covering 
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Fig. 2. Variation of emission intensity along the ar column (total length of gap: 6-5 mm) 


the collimator lens of the spectrograph The resolution is greatly superior, more than 
compensating for the disadvantage of successive exposures as against simultaneous 
exposure 

We did not repeat the study of the relation between intensity of emission and current. 
SLAVIN’s results, however, were replotted on logarithmic paper and then appeared to fall 


into a straight line of slope d log E/d log I 2-3. where E emission intensity and 


d Cure This is similar to a relationship found in the nickel-are 8 stem to be described 
in a later paper 


icknowledgement—This note is published with the permission of the Chief Scientist, Australian 


Defence Scientific Service, Department of Supply, Melbourne, Australia. 


Australian Defence Scientific Service D. A. SINCLAIR 
Defence Standards Laboratories H. J. BeaLe 
partm nt of Supply, Sydne 4 justralia 


An electronic spark trigger 


(Received 21 February 1960) 
THs note describes a simple electronic device for triggering a high-voltage spark discharge 


by a low-voltage pulse. It resembles the system of Barpdécz [1] in that a voltage initially 


1} A. Barpdcz, Nature 171, 1156 (1953); Spectrochim, Acta 7, 307 (1955). 
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distributed over two gaps in series is momentarily concentrated on one gap, but differs 
from his in the manner of achieving this. Barpdécz used a gas-containing valve capable of 
conducting a substantial initial spark current at low voltage. In our system none of the 
spark discharge current passes through the valve, which can be a vacuum type of small 
current rating. 

The circuit is shown in Fig. 1 and it operates as follows: In the quiescent condition 
immediately before triggering C’; has been charged from the centrally-earthed power supply 
through the high impedances R, and R,. The right-hand electrodes of gaps S, and S, are 
are at earth potential while the left-hand electrodes are at + V and —V, respectively, 


+Skv R1 
PULSE] 35 
PF 
ul 12 


~ SKV. 1M 


Fig. 1. Circuit diagram of electronic spark trigger. 


where 2V is the supply voltage. S, and S, are each set to break down at a voltage inter- 
mediate between V and 2V. The valve is held in the cut-off condition by negative bias on 
the grid. To trigger a discharge, a positive pulse is applied to the grid sufficient to render 
the valve conducting for a few microseconds. As the stray capacitance discharges through 
the valve, the upper side of C, swings to near earth potential and the lower side to near 

-2V, whereupon S, breaks down. The potential difference across S, rises rapidly towards 
2V and this gap also breaks down. C, then discharges through L, which may be used to 


induce a pulse in an external circuit containing L,. 

The values of circuit components given in Fig. 1 are those which have been used 
successfully in a low-energy experimental assembly. Obviously they may be varied 
extensively. The capacitance of (,, for instance, can be increased indefinitely without 
other change (we have experimented as high as 0-03 wF). If both high capacitance and high 
repetition rate are desired, however, R, and 2, may need to be reduced and, in the extreme, 
partially replaced by inductive impedances. Essential features are: 

(a) When cut off the valve must withstand half the supply voltage on the plate and 
when conducting have an effective impedance that is low compared with R,, R, (which are 
in series for charging but effectively in parallel for the readjustment currents established 
when the valve commences to conduct because positive current flows from both sides). 

(b) The rise-time of the valve current must be short relative to the readjustment 


time constant. 

(c) The conducting phase of the valve must persist long enough to allow the relevant 
stray capacitances to discharge and for the breakdown voltage across S, to remain as long 
as the statistical time lag of the gap. With excess voltage the latter time should be less 
than | psec, but stray capacitance is likely to be over 20 pF and therefore at least 0-1 uC 
(i.e. the equivalent of 100 mA for 1 sec) must pass through the valve. A considerably 
longer time of conducting is permissible since it does not interfere with the main discharge. 
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d) The stray capacitance of the discharge loop should be small compared with C, 

Although we have successfully used the small valve 11 E2 as shown in the diagram, the 
stand-off voltage of 5 kV exceeds the normally recommended limit of 3 kV and an internal 
leakage of the order of 0-2 mA (varying from valve to valve) was observed. The slightly 
larger EL3S is to be preferred; we found it to perform quite satisfactorily with grids (2) and 
(3) both connected to earth, the control grid bias set at approximately —40 V and applying 
a triggering pulse of 60 V or more 

As a driver we found suitable the square-wave output of a Schmitt relay with amplitude 
150 V and output resistance 22 kQ. This gives a nominal pulse at the grid of 70 V peak 
and 12 ywsec time constant; but the effective values are reduced by grid current and by 
capacitive feedback from the plate. The latter is far from negligible since even with only 
| pF grid-plate capacitance the charge released at the grid is 5000 pC. The coupling 
capacitor should therefore not be reduced much below the 300 pF shown. 


Acknowledgements—This paper is published by permission of the Chief Scientist, Australian 
Defence Scientific Service, Department of Supply, Melbourne, Australia. 
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Frequencies of out-of-plane CH deformations of benzene rings which 
are fused to five-membered rings 


(Received 13 April 1960) 


Ovt-or-PLANE CH bending frequencies in substituted benzenes lie between 1000 and 
650 em~! and fall into regions which depend primarily on patterns of substitution [1], 
the nature of substituents having a less prominent influence [2]. Bands in the sequacious 
regions 750-720, 770-735, 800-760, 850-800 and 900-830 cm~! can be referred to vibrations 
involving five, four, three and two adjacent ring-hydrogen atoms and one isolated 
ring-hydrogen atom respectively. Substituted naphthalenes resemble substituted benzenes 
in these respects [3]. Comprehensive studies have recently been published on the effects of 
position and character of substituents on CH deformation frequencies of substituted 
naphthalenes [4] and on relations between these frequencies in substituted benzenes, 
naphthalenes, pyridines and quinolines [5]. Consequently, it is opportune to report a 
brief conspectus of results for compounds in which a benzene ring is fused to a five-membered 
ring. 

Table | shows CH deformation frequencies of a range of such compounds, additional 
substituents being absent from the fused benzene ring. Where a single frequency is listed 
the assignment is irrefragable, but where more than one frequency is quoted at least one 


1) J. Lecompre, Compt. rend. 204, 1186 (1937); J. Lecomprer, Ibid. 206, 1568 (1938); D. H. Warren 
and H. W. Tuompson, J. Chem. Soc. 268 (1945); R. P. Bett, H. W. Tuoompson and E. E. Vaco, 
Proc. Roy. Soc. (London) A 192, 498 (1948); A. R. H. Cots and H. W. Tuompson, Trans. Faraday 
Soc. 46, 103 (1950); C. G. Cannon and G. B. B,. M. SurHerR ann, Spectrochim. Acta 4, 373 (1951); 
H. L. McMurry and V. THornton, Anal. Chem. 24, 318 (1952); D. A. McCauray, A. P. Lien 
and P. J. Launger, J. Am. Chem. Soc. 76, 2354 (1954). 

L. J. Becitamy, J. Chem. Soc, 2818 (1955). i 
N. B. Couruvur, J. Opt. Soc. Am. 40, 397 (1950); L. Cencets and D. Hanzi, Spectrochim. Acta 7, 
4 (1955). 
T. 8S. Wane and J. M. Sanpers, Spectrochim. Acta 15, 1118 (1959). 
[5) C. Karr, P. A. Estep and A. J. Papa, J. Am. Chem, Soc. 81, 152 (1959). 


VC Le 
16 
1960 
2 762 


fesearch notes 


represents the desired CH deformation and the final choice is uncertain. All frequencies 
in Table 1 lie in the range for ortho-disubstituted benzenes and, consequently, the out-of- 
plane vibrations of the four adjacent benzene-ring hydrogen atoms have similar frequencies 


Table 1. CH deformation frequencies of compounds with four adjacent 
benzene-ring hydrogen atoms 


2.Methyvl benzimidazole 1-Methylisatin-/-oxime 


Indazole *Coumarilic acid 
3-Indazolone * Benzoxazolone (764s) 75 
Saccharin * Benzotriazole 756s 7 


Isatin *1-Phenyvlbenzotriazole (769s) 75 


Isatin-f-oxime +1-x-Quinolylbenzotriazole 769s 75 


s strong, m medium and w weak indicate relative intensities 

* At least one of the listed bands is the CH bending frequency for four adjacent CH bonds. Less 
probable choices are in brackets 

+ This compound possesses two 1.2-disubstituted benzene rings. 
in the two sets of compounds The precise structure of the five-membered ring exerts 
little influence on these frequencies 

Possible CH deformation frequencies are listed in Table 2 for substituted compounds 
possessing an isolated pair of hydrogen atoms and an isolated single hydrogen atom both 


lable 2. Frequencies tor compounds possessing an isolated pair of 
hydrogen atoms and an isolated single hydrogen atom 
attached to a benzene ring 
Be nzimidazole 
5-Me (884m) 870s (858m) 812s 800s 
5-NO, 900s (841m) 830s 


Indazol 
5-NO, 901s 840s 826s 
6-NO, 860s 840s 


Benzotriazoles 

5-Me S70s 803s 
5-MeO S60w 835s S1S8s 
5-Cl 934w 853m 839m 
5-Br 918s 862m 850m 
5-NOj 945vw 896m SSSw 
5-NO,-1-Ph 904m 836m 


Tsatin p-orimes 

5-Me 820m 

5-MeO 817m 

5-F 890m 823m 
6-Me S73Vw 822m 

6-Br S64w 822m 

6-1 S65w 821m 


vw verv weak. Also see footnotes to Table 1. 


attached to the benzene ring. Where only two bands are quoted no ambiguity exists, 


the higher frequency arising from vibrations of the isolated benzene-ring hydrogen atom 


and the lower from vibrations of the pair of hydrogen atoms. The location of these bands 
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agrees with the appropriate frequencies for 1,2,4-trisubstituted benzenes. With benzi- 
midazoles, indazoles, benzotriazoles (excluding the 5-nitro-1-phenyl compound) and with 
5-fluoroisatin oxime, a band y is present in or above the usual frequency range for an 
isolated hydrogen atom, and two further bands y, and y,, about 12 cm~ apart, are present 
between 900 and 800 em~! (Table 2). Benzotriazole frequencies y, and y, are both linearly 
dependent on Hammett mefa-o constants for substituents [6], whilst wide and erratic 
variations of frequency and intensity occur with the higher frequencies v (Table 2). It is 
probable that the y, bands arise from vibrations of the pair of CH bonds and the », 
bands are due to vibrations of the lone hydrogen atom, but alternatively either or both of 
y, and y, might be produced by the first cause, in which case the high frequencies » would 
arise from vibrations of the isolated atom. 

Deformation frequencies of three adjacent hydrogen atoms, in some compounds with a 
substituent adjacent to the five-membered ring, are listed in Table 3. These frequencies, 
lving between 805 and 780 cm~ fall in the expected range for 1,2,3-trisubstituted benzenes. 


Table 3. Frequencies for compounds 
possessing three adjacent CH linkages 
in isolation 


Benzotriazole 

4-NO, (823s) 800s 
Isatin-B-oximes 

7-Br (820m) 799m 
7-NO, (817w) 785m 
Indoxylacetates 

4-Cl 

7-Cl 

7-CF, 


See footnotes to Table 1. 


Experimental. Spectra were determined with a Perkin-Elmer 21 spectrometer fitted 
with a sodium chloride prism. 
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for a special research award which helped to defray the cost of this work. 
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BOOK REVIEWS 


A. D. Cross: An Introduction to Practical Infra-red Spectroscopy. Butterworths, London, 1960. 
80 pp., 17s. 6d. 


Tuts little book is intended to be both an introduction to the method and uses of infra-red 
spectroscopy for chemistry students and a practical manual for the organic chemist using the 
technique in his work. 

Theory, instrumentation and experimental details are summarized in Part I where due 
weight is given to difficulties and limitations as well as the value of the method in various 
applications, 

Structure-frequency correlation charts, and tables of characteristic frequencies of various 
functional groups and structures take up twenty-five pages of Part Il. Both wavenumber and 
wavelength ranges are quoted and a table of reciprocals is provided for conversion. 

The indication of band intensities and the reliability of the correlation form a useful feature. 

The tables suffer from too many drastic abbreviations. These appear in columns with 
sufficient empty space to have set the full words in type (l.v., i.b., 0.0.p. def., ete.). The single 
words vapour, liquid, solution, solid would have been so much clearer than “vap. ph. spec.” 
or “so. ph. spec.”’ ete. 

Omissions can always be found in compilations of this sort. Perhaps the most serious is 
the effect of polar substituents on the alkene C—-H frequencies. The table (p. 58) applies only 
to alkyl or aryl substituents but this is not stated. A guide to the cell thicknesses required for 
different classes of liquids would have been a useful addition to Table 4. 

No reference is made, in the section on solution spectra, to the appearance over quite wide 
concentration ranges of two sets of bands from the “free’’ and ‘“‘associated’’ molecules of 
substances which exhibit intermolecular interaction. Such splitting could be misinterpreted 
by the novice as arising from the effects described for some amides on p. 30 (2nd paragraph). 

Apart from the first sentence, the first paragraph on p. 30 is totally erroneous because the 
author enlarges on his perpetuation of a misquotation of cyclopentanone frequencies first made 
by Bellamy (in both Ist and 2nd editions!). 1772cem™! is the vapour C—O frequency! 
In any case the shifts are due primarily to disturbance of Fermi resonance and not to association 
[Jones and Sandorfy p. 487; and Spectrochim. Acta 15, 926 (1959)]. 

The assignment and frequency of the band could usefully have been given in the reference 
to cis-trans isomerism of secondary amides (p. 36). 

Although the general effects of hydrogen bonding are described (p. 37-38), neither the 
magnitudes of the frequency shifts, nor the great increase in intensity of X—H stretching bands 
on forming a hydrogen bond, are stated. Kuhn's detailed analysis of the structures of cyclic 
diols, summarized as an example of a stereochemical problem, is quoted also as a study verifying 
Badger’s correlation of frequency shift with O O distance! The author links two 
consecutive paragraphs from Jones and Sandorfy (p. 422) in a way clearly not intended by them. 
He would have done better to illustrate hydrogen bonding with the general correlation of XH 
frequency shift with X Y distance in X—H Y bonds. 

The value of preliminary separation by vapour chromatography when identifying components 
of a mixture, or of a qualitative elemental analysis (e.g. Na fusion etc.) when identifying an 
unknown, deserves a mention. 

These are not major criticisms however and might have been eliminated by more careful 
editing by author and publisher. There is no doubt that this volume will find a place beside 
Bellamy, and Jones and Sandorfy, in infra-red laboratories, and Part IL will become as well 
thumbed as Norman Colthup’s chart. 

C. G. CANNON 
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L. 8. Brrxs: X-Ray Spectrochemical Analysis. Interscience, New York, 1959. xii + 137 pp., 
$5.75. 


Tue rapid development and diffusion of chemical X-ray spectrography in the past decade 
renders the publication of a reference book on that subject highly desirable. L. 5. Birks’ book 


is intended to fulfill that purpose. 

The seven chapters of this book cover the following subjects: simplified fundamentals, 
excitation of X-ray spectra, dispersion and geometry, detection and measurement, techniques 
for quantitative analysis, applications, and the electron probe micr« analyzer. 

The book is written in a simple, but sometimes not exceedingly precise style. This is particu- 
larly true for the section dealing with statistics, where, for instance, the coefficient of variation, 
called ¢°,, by the author, is first expressed in per cent (page 53), and later, on the same page, 
in units. 

Although the general plan of the book is very well conceived, several Omissions are noted. 
Most strikingly, X-ray absorption spectrography is not even mentioned. This makes the title 
of the book somewhat misleading. The problem of line interference is not treated anywhere 
(the index savs: Interference, See Matrix Effect). While pulse-height analysis is explained in 
some detail, its application to the suppression of interfering higher-order lines is missing. 
The use of higher-order lines for better line separation is not discussed. A more thorough 
treatment of the dilution method as a means of minimizing matrix effects would be desirable. 
Diamond is listed under “Common Crystals” (a single crystal cut to an area of several em" 
would be necessary), but such useful and available crystals as topaz and silicon are not ment ioned. 

Birks’ book will be a very useful source of information to the chemist or analyst who 
desires a general review of the nature and possibilities of X-ray emission spectrography, and it 
will provide a wealth of suggestions to the worker in the field, but, in the reviewer's opinion, 
it cannot be considered a complete and comprehensive reference work. 


K. F. J. Herricnu 
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REPORT OF MEETING 


Symposium on Optical Spectrometric Measurement of 
High Temperatures 


University of Chicago 


March 23-25, 1960 


THIS symposium was organized under the auspices of the University of Chicago, 
the Jarrell-Ash Company and the National Science Foundation. The objectives 
of the symposium were: (a) to promote a fuller understanding of the meaning of 
temperature and the plasma state of matter; (b) to provide a discussion forum 
to explore the validity of the theoretical premises and to provide a critical review 
of experimental techniques for optical measurement of high temperatures; and 
(c) to formulate areas of agreement and disagreement of scientists working in the 
field of high-temperature measurements, thus to highlight the areas of further 
study. A proceedings volume, under the editorship of Puinie J. DickeRMaAN, 
University of Chicago, will be published. 
The invited lectures on the program are listed below. 


Theoretical considerations of stellar temperature measurements: Lawrence H. ALLer, Univer- 
sity of Michigan Observatory, Ann Arbor, Mich. 

Since the stars do not radiate as black or even as grey bodies there is a certain ambiguity 
in the definition of their temperatures. One may define a color temperature of a star by fitting 
a Planckian curve to the observed energy distribution between two wavelengths /, and /,. In 
this way one uses the Planck law as an interpolation formula and the resulting temperature 
will not necessarily agree with temperatures as measured by other means. If the angular size 
and distance of the star is known, it is possible to measure the brightness temperature at some 
particular wavelength, i.e. the temperature of the black body that would emit the same amount of 
energy cm™~*sec™! at that wavelength. From the level of excitation of the dark line spectrum of the 
star it is possible to define excitation and ionization temperatures with the aid of the Boltzmann 
and Saha equations. For certain high temperature stars involved in nebulosity it is possible to 
deduce the energy radiated in the far ultraviolet from the character of the bright-line spectrum 
using a method suggested by Zanstra. 

Disparities between the aforementioned temperatures arise from the effects of the non-grey- 
ness of the material of which the stellar atmosphere is composed, the influence of a temperature 
gradient and the effects of deviations from thermodynamic equilibrium. It is the task of the 
theoretician to reconcile these differences with the aid of appropriate models of stellar atmo- 
spheres and theories of the radiative or convective transport of energy. 

From the standpoint of the theoretician a most significant parameter is the effective tempera 
ture, i.e. the temperature of a black body of the same energy output as the actual star. This 


quantity is not directly observable but must be deduced from other data. 


767 


Le 
60 
q 
4 
| 


wt of meeting 


The effect of departures from local thermodynamic equilibrium on inferences of stellar atmospheric 
temperatures: Ricnarp N. Tuomas, Boulder Laboratories, National Bureau of Standards, 
Boulder, Colorado 


A summary of the progress thus far on attempts to replace the various local thermodynamic 
equilibrium-LTE-assumptions characterizing conventional analysis of stellar spectra by less 
restrictive assumptions. Such LTE assumptions are of three types: (1) assumptions on the 
applicability of the Boltzmann and Saha equations to specifying occupation numbers of atomic 

v levels; (2) assumptions on the form of the source-function, or ratio of local emissivity 

» local absorptivity; (3) assumptions on the degree of energetic coupling between macroscopic 

in the stellar atmosphere and the electron and atomic kinetic temperatures. 

vears has produced a variety of results on (1), for an atmosphere existing in a 

eady state, with the radiation field carried as a parameter. A systematic 

1) and (2) jointly has evolved over the last few years, based on simultaneous 

” f the « quations of statistical equilibrium, and of the equations of radiative transfer in 

the central regions of the spectral lines. Only semi-qualitative speculation has been offered 

thus far on (3), although the methodology of the combined treatments of (1) and (2) provides 

an approach by which this energetic coupling (3) may be evaluated in any given atmosphere. 

Differential behavior of broad classes of spectral lines under these non-LTE effects is stressed, 

and particular examples of the contrast in results of analyses of an atmosphere under the LTE 
and non-LTE approaches are presented 


Theoretical analysis of the continuum radiation in a hot plasma: N. L. Batazs, Project Matter- 
horn, Princeton University, Princeton, N.J. 


The talk will deal with a survey of the theoretical aspects of the continuum radiation 
generated in a hot plasma. We shall confine our interest to plasma temperatures of about 
10°*°K, to densities of about 10" particles per em®, and to emission into the visible part of the 
spectrum. This excludes most of the situations dealt with in astrophysics 

First we outline the general properties of the available experimental results; then we give 
an elementary theory of the phenomenon. Next, we shall show that the theories used at present 
are in reality no better than the elementary theory. A more detailed theory must include 
quantum effects, which are not negligible at these temperatures, and the possible effects of the 
density on the radiation. This entails both the quantum-mechanical evaluation of the relevant 
cross sections, and a more delicate statistical treatment. Finally, we point out that while the 
calculation of the cross section is only a matter of a large amount of numerical labor, the precise 
statistical treatment poses difficulties of both principle and practice, 


The measurement of ultra high temperatures: |’. ©. THonemann, United Kingdom Atomic 
Energy Authority, Harwell, England. 


The methods used for measuring the charged particle energies in a magnetically confined 
plasma are briefly reviewed. The results so far obtained are not compatible with the properties 
of a plasma close to thermal equilibrium. In a very high temperature low density plasma the 
observation time may be comparable with the relaxation time for energy exchange between 
constituents and long range fluctuating electric fields can create the illusion that the velocity 


distributions are Maxwellian. Departures from an equilibrium distribution may be revealed by 


a study of the Doppler broadening of impurity ions of different mass and charge. The concept 


of temperature for the description of the average energy of charged particles in a non-equilibrium 
radiation field is discussed. 


The direct current (DCX) and high temperature measurements in the carbon arc: J. Kanp 
McNa.ty, Jr., Oak Ridge National Laboratory, Oak Ridge, Tennessee. 


The Oak Ridge National Laboratory direct current experiment (known as DCX) is based 
on the trapping of high energy (300 keV) protons in a mirror magnetic field by dissociation in 
a high current carbon are of 600 keV molecular hydrogen ions. The major particle losses from 


. 
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the trapped plasma occur as charge exchange events with the background gas and with incom- 
pletely stripped ions in the carbon are. Some spreading of the trapped proton beam occurs. 
Spectroscopic studies are being made of the magnetically constrained vacuum carbon are in 
order to understand better both the unusual arc phenomena and the are breakup and loss 
mechanisms pertinent to DCX. The arc has been operated up to a maximum of 7 ft in length in 
magnetic fields up to 14,000 gauss with currents ranging from about 200 to 3500 A. An electron 
“temperature” of about 4 eV has been obtained for the 300-A are whereas ion energies exceeding 
30 eV have been observed by the Doppler effect. The major electron-cooling mechanism in the 
arc is the 8eV resonance radiation of triply ionized carbon. Spectral observations in the 
vacuum ultraviolet, made with an ORNL design of Seya type spectrometer, reveal the existence 
of O** and N** under certain conditions. 


Spectrometric determination of electron temperatures greater than 100 eV: J. F. Srearron, 


Los Alamos Scientific Laboratory, University of California. 


High temperature studies: W. Locure-Ho.toreven, Institute for Experimental Physics, 

University of Kiel, Kiel, Germany. 

Absolute intensity measurements of spectral lines of different ionization levels can provide 
temperature and pressure of the plasma. The results are more reliable and easier to interpret, 
in case measurement of the Bremsstrahlung is included. An example is given for a linear pinch 
in nitrogen. The limits of the method in case of approaching non-equilibrium are discussed. 


Plasma jet temperature measurement: Wittarp J. Pearce, Aerosciences Laboratory, Missile 
and Space Vehicle Department, General Electric Company, Philadelphia, Pennsylvania. 

A critical study has been made of the theoretical and experimental problems encountered 
in measuring reliably the temperatures of high temperature plasma jets. Lack of agreement 
between published temperatures for similar jets and the question of equilibrium among trans- 
lational and other temperatures needed clarification and evaluation. Methods applicable to 
air plasma at 5000 to 15,000°K were studied. 

Methods such as line contour, line shift, and continuum intensity which depend on theoretic- 
ally relating electron concentration to plasma temperature were rejected. The recommended 
method is to determine excitation temperature (7') from the slope of the line obtained by plot- 
ting strength of atomic lines (J/gAv) against the energy of excitation (£) for each line. The 
equation is simply 

log (I/gAv) = log K — loge) (I1/kT) 


Correction of the observed distribution of intensities across a symmetric source to yield the 
true radial distribution of temperature has been simplified; and repetitious calculations for 
solving the Abel's Integral equation have been obviated. Also, a numerical method has been 
detailed for determining radial distributions even when partial self-absorption occurs. 


Experimental studies of the temperature in a field-free plasma: Pum J. Dickerman and 
James C. Morris, Laboratories for Applied Sciences, University of Chicago, Chicago 37, 
Illinois. 


A series of spectroscopic temperature measurements was made using the field-free plasma 
ejected from the chamber of a high-intensity air-stabilized arc. This plasma discharge is operated 
at atmospheric pressure and a particle density of 10'7—10'* per em*. Electrical are power input at 
these conditions was approximately 1 megawatt. The plasma was ejected from the are chamber 
through a 4-cm dia. orifice and was studied along an axial distance of 30 cm. The range of 
temperatures extend from 17,000°K measured 2 cm above the orifice, to 3000 or 4000°K at the 
upper limit. The data are presented in the form of temperature profiles. 

In the course of these investigations, continuum, atomic line, and molecular band radiation 
intensities were used to make temperature measurements and study equilibrium conditions. 
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These observations were made using parent gas and electrode impurity emissions. Analysis of 
he continuum radiation was found most convenient to measure temperatures from the upper 


wn to K 


Impurity bands and atomic iron lines were used at the lower tempera- 
concerning the equilibrium conditions was obtained by comparing the data 


imit do 
tures Information 
f these three different techniques. 


Methods for producing high-temperature plasmas by utilizing strong shock waves: A. ©. Koxs, 


U.S. Naval Research Laboratory, Washington, D.( 


Methods for producing high temperature plasmas by utilizing strong shock waves will be 
reviewed with emphasis on the use of magnetic forces as a driving mechanism. The possibilities 
f using shock heated plasmas to (a) obtain fundamental spectroscopic data for temperatures in 
the range 20.000-50.000 K and (b) to prepare 


magnetic compression will serve as the framework for the discussion. 


the initial conditions necessary for subsequent 


Radiation from incident and reflected shocks in air: 1}. Kiver, Aveo-Everett Research Labora- 


torv. Everett. Massachusetts. 
Radiation measurements of emission and absorption by high temperature air and component 
The incident shocks have an initial region in 


lv. We will discuss the meaning 


gases produced in shock tubes will be described 
which relaxation t juilibrium can be studied spectroscopic il 
| we are interested 


in this region. In particular, possibility of defining a 
molecular electroni 


im the 
rise to 


states which vive 
on the absolute rate 


temperature 
ire for the distribution of energy in the 
The population of the radiating states depends at first 


tempera 


ire excited and the population histories starting from the initial shock conditions. 
region of the shock front in which the populations depend on the transition 
ure independent of the history being determined uniquely by the local 
We consider this regime as a type of local thermodynamic 
bands in oxveen 


i later 
vertheless, 
cle msit\ and temperature 


A detailed appheation of this analysis to 
especially in 


the Schumann—Runge 


reflected shocks. provick a 


equilibrium rewrons, 
mav be used to 


resented The 
radiation source for calibrating molecular band intensities so that they 


rature 
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Report of meeting 


Vibrational temperatures may be derived from the relative intensities of heads if certain 
precautions are taken with respect to possible line saturations, and if it can be shown that all 
heads included in the analysis have similar structures. 

Electronic temperatures are usually of low accuracy since an integration must be carried out 
over all bands in at least two band systems. Often these are in widely different spectral regions, 
so that measurement would be strongly affected by systematic errors in photometry. 


The program at the National Bureau of Standards: Lewis M. Branscoms, National Bureau of 
Standards, Washington, D.C. 


It is almost impossible to realize in the laboratory a high temperature gas in which local 
thermodynamic equilibrium obtains sufficiently to permit the adequate characterization of the 
state of the gas by the specification of thermodynamic functions alone. Instead of temperature 
“standards” above, say, 6000°K, we must have available a very broad body of precise data on 
atomic properties which, together with an appropriate body of theory relating these properties, 
permits the complete characterization of a gas. These data include transition probabilities, 
collision cross sections and rate coefficients, transport properties, etc. 

The many activities in the NBS bearing on this problem have been brought together into a 
co-ordinated program, which is in the process of substantial expansion to meet the needs of astro- 
physicists and others. The merit of the Bureau’s activities in the “laboratory astrophysics” 
area are best judged from the individual scientific contributions of our staff members; therefore 
I can here indicate more convincingly the scope of our efforts than their merit. However, such 
a description, if brief, may serve a useful function. 


Discussion on the various themes was led by Stoney CHAPMAN, University of Alaska, 
EUGENE PARKER, JOSEPH MAYER and James FRANCK, University of Chicago, Lupwic OsTErR, 
Yale University, Lewis M. Branscoms, National Bureau of Standards, H. N. Ousen, Linde 
Company, N. L. Bavazs, Project Matterhorn, Princeton University, Hans R. Griem, University 
of Maryland, G. E. Treanor, Cornell Aeronautical Laboratory, JoserpH O. HIrRsCHFELDER, 


University of Wisconsin, and Encar R. F. Winter, University of Minnesota. 
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ERRATUM 


C. E. Wurre, M. Ho and E. Q. Wetmer: Fluor- 
escence spectra of metal chelates. Vol. 16, Nos. 1/2, 
p. 236. The two references in this paper were 
interchanged in error. The authors regret any 
inconvenience this may have incurred readers. The 
references should read as follows: 


[1] C. E. Wurre, D. C. Horrman and J. 8. 
MAGEE, Spectrochim. Acta 9, 105 (1957). 

[2] C. G. Harcwarp and C. A. Parker, Proc. 
Roy. Soc. A 285, 518 (1956). 
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The contributions of mass and force-constant effects to the carbonyl- 
stretching frequency of acetyl, carbonyl and benzoyl] halides 


JoHun OVEREND and James R. ScHERER 
Chemical-Physics Research Laboratory, The Dow Chemical Company, Midland, Michigan 


(Received 11 March 1960) 


Abstract—The value of the carbonyl-stretching frequency in molecules of the type COXY is 
determined not only by the CO force constant, but also by the masses of X and Y, the molecular 
configuration, and the remaining force constants. A numerical analysis of the dependence of 
¥eo On these factors allows us to estimate a correction to the observed carbonyl frequency which 
takes into account these extraneous effects and leads to a frequency v,,* which truly reflects 
the strength of the CO bond. In the acetyl, carbonyl and benzoyl! halides the value of vg.* has 
been found to be almost independent of the nature of the halogen substituent. 


Introduction 


THE intense band associated with the carbonyl-stretching vibration is so 
characteristic a landmark in the infrared spectra of carbonyl-containing compounds 
that it can be recognized immediately, even though it may vary in frequency over 
a range of several hundred wave-numbers. The vibration is considered by most 
spectroscopists to be an excellent group frequency and on numerous occasions 
[1-4] both frequency and integrated intensity have been correlated with the 
carbonyl-bond length and the electrical parameters of the attached groups. It 
has been known for many years that the carbonyl frequency of molecules of the 
type COXY is almost insensitive to variations in the masses of X and Y [5], and 
recently HALFoRD [6] has investigated the variation of »,, with the masses of 
substituents on the groups X and Y and has found low sensitivity. These results 
have encouraged many chemists to neglect the slight effects of the kinetic-energy 
terms On Yo and to assume that the variations in rgg as X and Y vary reflect 
entirely the electronic effect of X and Y on the carbonyl! bond. 

However, although there is without doubt some direct electronic interaction 
between the groups X and Y and the carbonyl bond, which directly affects the 
force constant Keo, there are also contributions to the carbonyl frequency 
stemming from the stretching force constants Key and Key, and from the bending 
force constants Hxcoy, Hxeo and Hye [4] which, added to the kinetic-energy 
contributions, give rise to a sizeable overall effect on the carbonyl! frequency. It is 
our present intention to estimate by perturbation theory the magnitude of these 
extraneous contributions to vo, to subtract this quantity from the observed 
carbonyl frequency, and so to determine an unperturbed carbonyl! frequency, rgo*, 
which reflects the true strength of the carbonyl bond. We submit that it is this 


: H. W. Tuompson and D. A. JameEson, Spectrochim. Acta 18, 236 (1958). 
| L. J. Bettamy, Spectrochim. Acta 13, 60 (1958). 

| 8S. Bravroz and 8. Besnaryov, Compt. rend. 248, 546 (1959). 

| O. Burxarp, Proc. Indian Acad. Sci. 8, 365 (1939). 

| J. O. Hatrorp, J. Chem. Phys. 24, 830 (1956). 
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quantity rather than the observed carbonyl! frequency which should be correlated 
with the chemical parameters measuring the perturbing influence of the groups 
X and Y. 

In a study of the carbonyl halides [7] the writers have shown that the normal 
co-ordinate associated with the carbonyl-stretching vibration is remarkably 
constant throughout the series and is quite insensitive to the nature of X and Y, 
but that it does in fact contain large contributions from the XCY bending and the 


Fig. 1. Schematic representation of the carbonyl st retching mode of C( Cl,. Broken lines 
indicate the displaced configuration. 


CX and CY stretching co-ordinates. This result may be qualitatively appreciated 
by reference to Fig. | which shows schematically the displacements of the atoms of 
COCI, in this particular mode. It is obvious that, as the carbonyl bond stretches, 
the relatively light carbon atom moves more than the chlorine atoms, and in the 
displaced configuration (shown by the dotted lines) the C—Cl bonds are compressed 
and the CICC! angle opened up. Thus, in this normal vibration there are work 
terms, deriving from the distortion of the above co-ordinates, which make an 
additional contribution to re¢_4 over and above that from the work term due to 
Keo. Moreover, the magnitudes of Key, Key, Hxcy, Hocx and Hoey have 
first-order dependence on the groups X and Y and consequently this additional 
contribution also shows first-order dependence (see Table 3). The fact that the 
carbonyl! frequency is generally found in the region 1600-1900 cm~! is due to the 
large value of the force constant Aygo and the dominant role played by the 
corresponding term in the potential-energy distribution. 


Perturbation treatment 
From the vibrational characteristic equation 


(GF)L, = LA, (1) 


it may be shown [8] that the change in /, resulting from small changes in @ and 
F is 


AG, 
> (Ly 1) AG, "AF," (2) 


n 


m 


km kim 


7| J. Overenp and J. R. Scnerer, J. Chem. Phys. In press. 
{8} W. T. Krxc, Dissertation, University of Minnesota (1956). 
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where the terms (Z,),”" are the elements of the zeroth-order normal co-ordinates 
and the (L,~*),,’ the elements of the inverse matrix L~'. For small perturbations 
in G and F the third term in (2) may be dropped and in the present treatment only 
the first two terms will be retained. Consider a small change in the inverse mass 
of atom X, which will result in a small change in the G@ matrix. From equation (2), 
, (G,,") 


= = 2 (Lo) m'(Lo - 3 


It is more convenient to consider the vibrational frequency, y 
rather than /,, and (3) is therefore rewritten as 


(NA,)"2/2ae 


t 


Ov 0(G,,*) 
Oux 2 0 Oux (4) 


Similarly, small variations in bond length and interbond angle affect the 
vibrational frequency, the dependence being given by equations of the type 


Ov, v 
9 > (Lo (Lg 
Oxxyz 


(5) 


functions of the geometrical parameters and the atomic masses, the derivatives 

in (4) and (5) may be evaluated and taken with standard normal co-ordinates to 

obtain the dependence of a particular frequency on geometry and mass. 
However, the vibrational frequencies are controlled not only by the masses 


If we have available the elements of the @ matrix G,,", expressed as explicit 


and geometry, but also by the force constants, and by arguments similar to the 
preceding it may be shown that 


Ov, N x 10° 


2 


~ 


y 


or, in terms of the Urey—Bradley force constants which are related to the F,,* by 
the matrix equation [9], 


F = Z® (7) 


i 01 i I m ) N 10 Z, Lo) Lo) k (8) 


Thus, if the normal co-ordinates are reasonably constant within a series of 


molecules, one may use these equations to correct for extraneous mass and force- 
constant effects on a particular vibrational frequency. Before applying this 
perturbation treatment it is important to demonstrate by a detailed numerical 
analysis that the normal co-ordinate associated with the vibrational mode in 
question does not vary much from one molecule to another, i.e. that the mode in 
question has a good characteristic normal co-ordinate. It is not a sufficient criterion 
that the mode has a roughly constant vibrational frequency recognized by 
empirical spectral correlations. If the normal co-ordinate has been shown to be 
fairly constant for a particular mode common to a group of molecules, we may 


{9} J. OverREND and J. R. Scnerer, J. Chem. Phys. In press. 
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choose one of these as a standard molecule with typical atomic masses, geometry 
and force constants, and solve the secular equation with these values to obtain 
standard zeroth-order normal co-ordinates, (1,),*, and the elements of the inverse 
transformation, (L,~'),', which are necessary for the evaluation of (4), (5), (6) and 
(8). The other necessary quantities | 0((,,")/@ux]}, [0(@,,")/@axyz], ete. and Z,,,’ 
are functions of the molecular geometry and the atomic masses and may be 
evaluated from the parameters of the standard molecule. 

Consider a molecule which contains the characteristic group associated with 
other groups which have geometry, masses and force constants different from those 
of the standard molecule. The group frequency y,' in this molecule will differ 
slightly from that of the standard molecule and will be given to a first approximation 
by 
Ov; 

) Acxys (9) 


LXYZ 


an, | 


XYZ 
where Ag, = — 9°) 


In the past, chemists have been accustomed to identify the characteristic group 
frequency with a particular internal co-ordinate (or group of internal co-ordinates), 
e.g. the C—O bond stretching co-ordinate, and have interpreted changes in the 
group frequency in terms of changes in the electronic orbitals of the atoms in that 
co-ordinate. We consider it helpful to retain this frequency-correlation concept 
and have therefore chosen to express the results of this calculation in terms of a 
corrected group frequency, v,*, defined by 


(10) 


where g, is the force constant directly associated with the group-frequency 
co-ordinate. Combining (9) and (10), we find that 


(11) 


where vy,’ is the observed group frequency. 

The evaluation of (11) requires approximate values for all the force constants 
and geometrical parameters. If these are available the group frequency can be 
adjusted for mass and force-constant effects and a number which reflects the true 
strength of the bond (or interbond angle) can be determined. However, as these 
adjusted frequencies contain an arbitrary constant determined by the choice of 
parameters for the standard molecule, only the relative values of »;* within a 
series are significant. 

The carbonyl and acetyl halides 

As we have already remarked, the C—O stretching normal co-ordinate shows 
little variation throughout the series of the carbonyl halides and it seemed to us 
that the carbonyl stretching frequency would be eminently suitable for a trial 
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application of this perturbation treatment. Acetone was chosen as the standard 
molecule for the calculation of the zeroth-order normal co-ordinates. The Urey— 
Bradley force constants obtained by Miyazawa [10] (see Table 1) were taken with 
the appropriate Z and G@ matrices and the secular equation was set up and solved 
on a Burroughs 204 computer [9]. The eigenvalues were normalized to the 
condition 


L'FL = A (12) 


and used with the Z and @ matrices in the evaluation of the carbonyl-frequency 
slopes. These results are summarized in Table 1. In some cases, particularly when 


Table 1. Standard-molecule parameters 


Standard value+ ( Co-ordinate 
error 


yn/2 71-68 em A/mdyn Areo 

8-93 Arex 0-1 mdyn/A 
8-93 Arey 0-1 

84-84 rox Atxy 0-1 

21-21 Tox A%ox 0-1 

21-21 ToyAdoy 0-1 

11-45 Adxy 0-1 
6-07 Adox 0-1 
6-07 Adoy 0-1 


0-0666 68 a.m.u. 
0-0666 68 
120° — 1-43 em~!/ 


+ The standard Urey—Bradley force constants are based on acetone and are taken from the results of 
Mryazawa [10]. 


many terms are involved, it is easier to determine the slopes by a variation method 
rather than by (4), (5)---+. In order to demonstrate the validity of this alternate 
method we have determined the dependence of veg on uvwx by both methods, 
considering a wide variation in wy. In Fig. 2 we compare the results. Clearly for 
small changes in vx (the reciprocal mass of atom X) the two lines coincide and, even 
if we allow the mass of X to become infinite, the linear approximation introduces 
only about 1 em~ error. 

The magnitudes of the carbonyl-frequency slopes are quite interesting: as one 
would expect, (Oro/Axeo) is large, but (Oro/PHxcy) is also of comparable 
magnitude. The strong dependence of rgg on Hxcy might appear surprising but 
may be understood by again turning to Fig. 1, which shows the approximate 
atomic displacements in this mode.t 

The Urey—Bradley force constants for the carbonyl halides were taken from 
reference |7], and those for the acetyl halides were estimated by transforming 
values from acetone and the carbonyl! halides using linear interpolation where 

+ This sketch is schematic and, as it does not show the slight displacements of X and Y, a detailed 
interpretation of the carbonyl-frequency slopes along these lines might be misleading. 


[10] T. Mryvazawa, Nippon Kagaku Zasshi 74, 915 (1953). 
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necessary (see Table 2). The methyl groups were taken as point masses of atomic 
15 for the purposes of the dynamic anal) sis. The geometrical parameters 


weight 
here otherwise stated. These data 


were taken from Sutton’s Tables [11] except w 


7 


True curve 
Gppro= mation 


Fig. 2. The dependence of the « wrbonv]-stretching frequency of a mole« ule COX, on the 


erse mass uy of aton x Ther nts on the full line were determined by exact calculation 
broken line represents the linear approximation (4) 


with different values of wx the 


al parameters for the carbonyl and acetyl 


Table 2. Force constants in mdyn \ and geometr« 
halides. together with the calculated values of \reo 


20 1-37 


Hox 2 15 

O26 
42 


“x 0526 0526 0-0666 0-06066 06-0666 
lil lil 110 110 


10-26 40 42-0 16-2 


a value of Ave, determined for each molecule; these 
* and K,,, determined through (10). 

The most striking feature of the results displayed in Table 3 is the wide 
variation in the magnitude and sign of Ay. However, when the correction is 
* of all the carbonyl! halides fall in a well- 


e of the acetyl! halides fall in a second 
1 


were substituted in (11) and 
are given in Table 3, with values Of roo 


applied, the unperturbed values of ro 
defined group around 1560 em t and thos 


group at about 1830 cm 1 contrasted with roq* (acetone) which is 1736 em 


11) L. E. Swrros~ Editor), Tables of Interatomic Distances Chemical Society, London (1958). 


778 


f 
4 4} 
| 
7 

/ 

/ 
/ 
a 
/ 
4 06 28 
ome 
= 16 
1060 
we 
- 

| 


Carbonyl-stretching frequency of acetyl, carbonyl and benzoyl halides 


It is not possible to give an unequivocal estimate of the uncertainty in’ Ay as, 
unfortunately, the errors in the Urey—Bradley force constants are not known 
exactly. However, an analysis was carried out assuming 0-1 mdyn/A error in each 
UBFC, and in this way the dispersion of Avy was estimated to be about 9 cm~. 
This means that differences in v¢,* greater than 18 cm~! are probably significant; 
or in other words, that the differences between the v,,* of the groups mentioned 
in the preceding are significant, but that the differences within each group are not. 


Table 3. Acetyl and carbonyl halides, corrected carbonyl-group frequencies. Values of force 
constants given in parenthesis are from complete force-constant calculations 


Gas phase 
(mdyn/A)t+ 
(em™) 


Molecule 


‘H,COCH, 1736+ 1736 (10-5) 


‘H,COF 1869+ 1827 2-13 
'H,COCI 1822? 1828 2-15 
‘H,COBr 1821+ 1837 2-27 


‘OF, 1928§** 1861 
‘lL, 28-: 18278 1856 
‘OBr, 18288 1874 
iF 1848 
‘OBrF 18748 1864 
‘OBrC! 38-5 1828§ 1866 


to te te te 


to te 


* OVEREND, unpublished results, 


OVEREND et al, [12]. 
§ OvEREND and Evans [13 
orrected for Fermi resonance, NU LSEN ef al [l4 
++ These values of Keo are calculated from the formula: Keo 10-5 0-01395 (r* 1710); 
where the value for rr o(acetone) is that calculated by MryazZawa /10), 


It is unfortunate that the carbonyl frequency is so sensitive to the force 
constant Hyey as in the unsymmetrical compounds this must almost invariably 
be determined by interpolation, and its error might be greater than the 0-1 mdyn; A 
assumed in the error analysis. However, if the bending force constant H yey 
varies in a fairly regular manner throughout a series of molecules, it is possible 
that the relative values of »y* within that series are essentially correct even though 
the errors in the absolute values exceed our estimate. 


Extension to other molecules 
Equations (4), (5) and (8) may be extended, in principle, to the general case 
where X and Y are polyatomic groups with many internal degrees of freedom. 
However, such an extension would quickly lead to an inordinate number of terms 
J. OvEREND, R. Nyquist, J. C. Evans, J. R. Scnerer and W. J. Porrs. To be published. 


3 J. OvEREND and J. C. Evans, Trans. Faraday Soc. 55, 1817 (1959). 
4) A. H. Nrevsen, T. G. Burke, P. J. H. Wowrz and E. A. Jones, J. Chem. Phys. 20, 596 (1952). 
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in (11), many making little or no contribution to Avgo, and it seems more useful to 
neglect the contributions to Ave, from all atoms not directly bonded to the 
carbonyl group. There is some question concerning the effective mass which 
should be used in (4), and, in accordance with HaLrorp’s [6] results, we have 
chosen to take this as the mass of atom X unless there are hydrogens bonded 
directly to X, in which case the masses of the hydrogens are added to my. With 
these assumptions, we have extended this treatment to the carbonyl! vibrations of 
benzophenone, acetophenone, the benzoyl halides, acetyl cyanide, acetamide, 
urea, and related molecules; results are summarized in Table 4. 


Table 4. Extension to other molecules 


Apr kK 
7 le ab co 
folecu (em™) (em!) (mdyn/A) 


Benzophenone 16677 1667 9-89 
1692+ 1692 10-23 
Benzoy! fluoride 18207 1778 11-43 
Benzoy] chloride 1763+ tt 1769 11-30 
Benzoyl bromide 1778? 2 1794 11-66 
CH,COCN 17407 1740 10-90 
(ND,),CO 16108 84°: 1526 7-92 (6-49) 
coc! 1820** 1826 12-10 
1806** 1812 11-91 
CHCLCOC!I 1803** 1809 11-87 
CHCLCOBr 1799** 1815 11-96 
CH, 1794** 1800 11-74 


Acetophenone 


NYQUIST, private communication. 

and Witson {15}. 

Yamacucnai et al. (16). 

Quoted by KaGarise [1]. 

* Corrected for Fermi resonance, 
Discussion 

Perhaps the most important result of these calculations is that there still 
remains a considerable variation in v¢,*, in many cases greater than the mass and 
force-constant corrections, which must be attributed to the electronic effect of the 
groups X and Y on the carbonyl bond. There is no novelty in this conclusion, for 
the v-.* values parallel those of the carbonyl-stretching force constant obtained 
by previous workers. With the exception of urea, the agreement between the 
exact force constants, where they are known, and those obtained in this perturba- 
tion calculation is encouraging. 

It is rather surprising that the halogens appear to have such similar effects on 
the carbonyl bond, since from their chemical properties and electronegativities we 
expect fluorine to have a much bigger effect than chlorine and bromine, and we do 
not understand this remarkable invariance. 

However, we find support for our conclusions in the correlation of y¢9* with 


(15) L. C. Krisner and E. B. Wrison, J. Chem. Phys. 31, 882 (1959). 
(16) A. Yamacucnt, T. Mryazawa, T. Saimanovucni and 8. Mizusuima, Spectrochim. Acta 10, 170 (1957). 
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Too through BapGER’s rule [17], see Fig. 3,t and Table 5. In this plot we have 
included points ({_}) calculated from the observed frequencies in addition to those 
calculated from »*(Q) and it is particularly interesting to note that, whereas the 
v* points of COCI, and COF, fall on the straight line passing through the other 
points, those calculated from the observed frequencies deviate considerably. 


74 


Fig. 3. Correlation of veo and (CO) with the 
carbonyl bond length through BapGeEr’s rule. 


Recently KaGarise [1] has plotted the observed carbonyl frequency against 
the sum of the electronegativities of atoms X and Y, and in particular has found 
linear relationships for the carbonyl and acety! halides. Our results suggest that this 
relationship arises through the first-order dependence of Kex, Key, Hox, Hey. Fex 
and Fy on the electronegativities of X and Y, rather than through variations in the 
carbonyl force constant. Similarly, the empirical correlation of ygq against the 
integrated intensity of the carbonyl band by THompson and JAMESON [2] involves 
many effects extraneous to the carbonyl bond; the observed frequency includes the 
effect discussed above and the intensity includes contributions from (dp/d@rex), 
(Op/Orey) etc, which may be large, particularly when X and Y are halogens. 

It is well known that the carbonyl frequency of ketones is affected by halogen 
substitution on the « carbon atom, and that the effect depends on the relative 
orientation of carbonyl and substituent. BrtLamy and Wr_iiaMs [18] have 
recently discussed this effect in terms of electrostatic interaction between the 
halogen atom and the carbonyl bond. No account is taken of this effect in the 
present treatment and our r,,* values contain contributions of this kind. However, 
present results lead us to believe that the steric-dependent shift in the carbonyl 
frequency could arise from a combination of two effects, viz. that described by 


+ KrisHer and Wiison [15] have published a similar plot based on observed carbonyl frequencies. 
However, they did not include results for COC, and COF,. 


[17] R. M. Banorr, J. Chem. Phys. 3, 710 (1935). 
{18} L. J. and R. L. J. Chem. Soc. 4294 (1957). 
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Be._itamMy and WILLIAMS and a second contribution determined by the Urey— 
Bradley type nonbonded interactions between the halogen and the carbon and 
oxygen of the carbonyl. A detailed analysis of the origin of this shift must await 


Table 5. Badger’s rule carbonyl-bond lengths and frequencies 


Molecule abe 


(CH,),0 23 6-92 x 10-* 
CH,COCN 226 6-89 
CH,COCI 92 7 6-69 
CH,COF 6-69 
cocl, 166 6-62 
COF, 45 6-61 


Values quoted by KrisHer and Witson [15]. 
Rosryson [19]. 
Smiru | 20). 


the complete normal-co-ordinate analysis of these «-halogenated ketones and 
is beyond the scope of this paper. 

In conclusion, we submit that, although empirical correlations of the carbonyl 
frequency may serve useful diagnostic and analytical purposes, it is dangerous to 
assume that there is a direct correlation between the observed carbonyl frequency VOL. 
and the electronic structure of the carbonyl bond. We believe that in any chemical 16 
discussion the values of y* are more meaningful despite the uncertainty introduced 1960 
through approximations in the force constants. 


Acknowledgement—We are grateful to R. A. Nyquist for making many unpublished data 
available to us. 


19) G. W. Rosryson, J. Chem. Phys. 21, 1741 (1953). 
20) D. F. Smiru. Private communication. 
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The application of anion-exchange techniques to the spectrochemical 
detection of the noble metals in silicate rocks 


R. R. Brooxs* and L. H. Anrenst 
Departments of * Physiology and tChemistry, University of Cape Town 


(Received 29 February 1960) 


Abstract— This paper describes investigations on the combined use of anion-exchange enrichment 
and spectrochemical analysis for the detection of the platinum metals and gold in silicate rocks. 
This work is a sequel to previous work by the writers in which trace quantities of Ag, Bi, Cd, Sn, 
Zn, Tl, Mo, Nb and In have been detected and in some cases determined quantitatively in 
silicate rocks. 

The method consists of enrichment of the trace elements to the threshold of spectral sensiti- 
vity by means of an ion-exchange technique followed by spectrochemical determination of these 
elements. 

The ion-exchange enrichment technique depends on the fact that the noble metals all form 
anionic chloro-complexes whereas the abundant elements do not do so. It is therefore possible 
to absorb these trace elements on to an anion-exchange column, wash out the abundant elements, 
elute the trace elements and by evaporation of the eluate, concentrate them to an amount of 
material sufficiently small to are spectrographically. 

By means of this procedure, it was possible to detect spectrographically, Au, Pt and all the 
other platinoids except Os in a sample of a hortonolite dunite, platinum-bearing rock from the 
Merensky Reef, Transvaal, 8. Africa, Although designated “platinum-bearing”’, this rock showed 
no spectrographic trace of any of the elements by direct excitation. It was also possible to use 
this technique for detecting Au and Pt in a sample of Cape granite where these elements are 
present in very low concentrations. 

It seems likely that the procedure could be applied to the quantitative estimation of many 
of these elements. 

Introduction 
THE application of combined ion-exchange enrichment and _ spectrochemical 
procedures for determining trace elements in minerals, rocks, meteorites and 
soils has been discussed by EpGe et al. [1], Brooxs et al.{2] and Anrens et al. 
[3]. Brooxs et al. [2] developed an anionic exchange enrichment technique 
based on the fact that many trace elements form strong chloro-complexes in 
2 N HCl whereas none of the major elements normally found in silicates do so [4]. 

The writers have estimated Cd, Zn, Sn, Bi and Ti in a suite of nineteen silicate 
rocks and made observations on Nb, Pb, Mo, Ag and Cu. Using this procedure 
(hereinafter referred to as the “‘standard procedure’), enrichment factors of up to 
2000 were obtained from relatively small quantities of rock and in this respect the 


[1] R. A. Ever, R. R. Brooks, L. H. Anrens and 8. AMpurER. Geochim. et Cosmochim. Acta 15, 337 
(1959). 
R. R. Brooxs, L. H. Anrens and 8. R. Tayior,. Geochim. et Cosmochim. Acta 18, 162 (1960). 
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technique compares favourably with other enrichment methods. (See AHRENS and 
TayLor [5] for discussion and references to such techniques, and EHMAN and 
HvizinGa and Vincent and [7] for references to neutron-activation 
methods.) Such enrichment, however, is not sufficient for the spectrochemical 
detection of several extremely rare elements such as Au, Re, and the noble metals, 
which also form stable chloro-complexes with HCl. 

The practical limitations of the degree of enrichment obtainable by the ion- 
exchange procedure is controlled largely by the magnitude of reagent blanks and 
by the magnitude of the absorption of the elements on to the resin. This degree of 


Table 1. The volume distribution coefficients of the noble metals and Re in 2 N HCl 


Element Oxidation state log D, 

Au Il 6-0 

Os 

Ir IV 

Pt IV 

Re Vil 

Ru IV 

Pd II 

Rh IV Unknown but said to be high 

VC Le 

absorption is conveniently designated by the volume distribution coefficient (D,) 16 
and the values of these coefficients for the absorption of the noble metals on to a 1960 


strongly basic anion-exchange resin are shown in Table 1. The ligand was a 2 N 
solution of HCl. It is clear from this table that the noble metals and rhenium are 
all strongly absorbed from 2 N HCl. 
An appreciable amount of data is available on some of these elements [8-15], 
but few workers seem to have studied ion-exchange as a method of enrichment of 
the trace elements to within the threshold of spectrochemical detection. 
A special mention must be made of the work of HAHN-WEINHEIMER [16, 17], 
who has been able to enrich the noble metals (except Au) from a solution of a 
silicate rock by means of the complex with 2-quinolineselenol which can be 
extracted with CHCI,. This author has reported 0-01—0-05 p.p.m. for the platinum 
metals in eclogites and other silicate rocks. The metals were finally determined 
spectrochemically and the detection limits reported were 2-0 p.p.m. for Os, 0-05 . 
p.p.m. for Ir, Ru and Rh, and 0-01 p.p.m. for Pt and Pd. 


L. H. Anrens and 8. R. Tayior, Spectrochemical Analysis. Addison Wesley, Reading, Mass. (1960). " 
W. D. Enmanw and J. R. Huizinca, Geochim: et Cosmochim. Acta 17, 125 (1959). ; 
E. A. Vincent and L. L. BrLerre_p, Geochim. et Cosmochim. Acta 19, 63 (1960). 

K. A. Kraus and F. Netson, J. Am. Chem. Soc. 76, 984 (1954). 

K. A. Kraus, F. Netson, F. B. CLoven and R. C. Cartston, J. Am, Chem. Soc. 77, 1391 (1955). 
F. Nacnop, U.S. Pat, 2371119 (1945). 
S. Sussman, F. C. Nacnop and W. Woop, Ind. Eng. Chem. 37, 618 (1945). sii 
E. Biastus and U. Wacuret, Z. angew. Chem. 148, 257 (1954). 
A. MeLocue and E. Prevss, Anal. Chem. 26, 1911 (1954). 

W. M. McNevin and W. B. Crummert, Anal, Chem. 25, 1628 (1953). 

K. A. Kraus, F. Netson and G. W. Smiru, J. Phys. Chem. 58, 11 (1954). 
P. HAHN-WEINHEIMER, Naturwissenschaften 43, 324 (1956). 

P. HAHN-WEINHEIMER, Z. anal. Chem. 162, 162 (1958). 
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It is our purpose here to describe and discuss several investigations on these 
elements. The field is a fresh one and much preliminary work has therefore to be 
carried out before actual quantitative determinations can be attempted. Here, we 
wish to discuss research which was carried out with a view to ultimately making 
quantitative determinations on the noble metals and Re. 


The apparatus 


The spectrochemical determinations were carried out on a larger Hilger 
quartz—glass spectrograph in which the are discharge was focused on the slit by 


Concetration, arbitrary units 


1000 
0-25 N nitric acid, ml N ammonium hydroxide, mt 


Fig. 1. The elution of the noble metals and Re with 0-25 N HNO, and N NH,OH. 


means of a Hilger E958 lens. Each eluate residue was arced at 6 A in a graphite 
anode ;*; in. external diameter 3-2 mm internal diameter x 5mm depth. The 


spectra were recorded on Kodak 103-0 blue-sensitive plates. 

An ion-exchange column of length 20 cm and cross-section 1 em? was chosen 
for the work. The resin was the strongly basic anion exchanger Amberlite IR 400. 
It was possible to calculate [4] that such a column would quantitatively absorb 
from 1000 ml of 2 N HCl solution any ion with a value of D, greater than 40. 


Preliminary analytical work 

A preliminary study of the column behaviour of the noble metals and Re was 
made by absorbing a solution of these elements in 2 N HCl on to the column, 
washing with a further quantity of 2 N HCl and then eluting the absorbed ions. 
As in previous work [2] the initial eluting agent was 0-25 N HNO, but the use of 
1 N NH,OH was also investigated in cognisance of the work of McNrEvin and 
CrumMet [14]. During the elution, suitable volume intervals were taken by means 
of a fraction collector, and the individual fractions were taken to dryness, collected 
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in a NaCl matrix (to reduce the intensity of CN band interference; for further 
details see AHRENS and TayLor |5}) and examined spectrographically. From these 
data, elution curves were plotted (Fig. 1) and from them it was possible to make 
certain general observations, namely that: 

Ru and Re may be quantitatively eluted with HNO, only. 

Pd, Pt and Rh may be eluted almost completely with a combination of both 

eluents. 

Os, Au and Ir are incompletely eluted even when both eluents are employed. 

These data were used in deciding what modifications would be necessary for 
the “standard procedure” in order to detect, or estimate quantitatively, these 
elements in silicate rocks. 


Development of a procedure for the detection 
of the noble metals in silicate rocks 

It was clear that very much greater quantities of rocks than used in previous 
studies would be required for the determination of these extremely rare elements. 
Quantities of up to 200 g were envisaged compared with 15-20 g hitherto and the 
manipulation of such quantities presented two main problems. 

The first difficulty was the removal of iron which is able to form a weak complex 
in 2 N HCl (although as must be emphasized, none of the other major elements 
do so) and whose complex spectrum can cause interference in the spectro- 
chemical operations. In order to obviate this disadvantage, a technique was 
developed analogous to double precipitation in gravimetric analysis in which the 
rock solution was absorbed on a large column, eluted and the eluate taken to 
dryness, redissolved in 2 N HC] and reabsorbed on a smaller column. This smaller 
column was then eluted in the usual manner and by this means the iron concentra- 
tion was reduced to an insignificant level. 

The second problem associated with the use of large quantities of rock was the 
selection of a suitable vessel for the dissolution of the rock which at the same time 
would obviously have to be free of any of the platinoids or Au. This difficulty was 
solved by the use of Teflon beakers which, although expensive, are considerably 
cheaper than platinum and possess the marked advantage of a total resistance to 
all chemicals except molten alkali metals and which can be used at temperatures 
up to 300°C without any tendency to soften. [18] 


The detection of the noble metals in silicate rocks 
(i) Experiments with a Pt-bearing rock 
The noble metals are so rare that their concentrations even in rocks described 
as Pt-bearing are so low that they cannot be detected spectrochemically without 
very considerable prior enrichment. 
A sample of hortonolite dunite Pt-bearing rock from Swartklip Mine, 
Rustenburg, Transvaal, was selected for the initial experiments. On the basis of 


18) R. R. Brooxs, Nature 185, 837 (1960). 
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the known average composition of the reef [19], the rock was estimated to contain 
about 3 p.p.m. of noble metals of which: 


Pt formed approx. 2-2 p.p.m. 

Pd formed approx. 0-4 p.p.m. 

Rh formed approx. 0-06 p.p.m. 

Ir formed approx. 0-03 p.p.m. 
Osmiridium formed approx. 0-02 p.p.m. 
Au formed approx. 0-8 p.p.m. 

The weight of sample used in the studies was 150 g and this quantity of rock 
was dissolved in 2 N HCl in the manner described below. The rock was treated 
with a mixture of HF and aqua regia and taken to dryness on a water-bath. The 
residue was fumed with sulphuric acid and dissolved in 2 N HCl after oxidation 
with bromine to ensure that all elements were present in an oxidized state. The 


Table 2. The qualitative spectrographic examination of the noble metals in a hortonlite dunite 
ex Merensky Reef (detectable lines indicated under each element) 


Fraction Au Pt Pd Ir Rh Ru 


Nitric acid 2676 2659 $3404 3220 3323 
“main” 3064 3421 3397 
et al. 3634 


Ammonia 2659 3404 3220 
3064 3421 
et al. 3634 


Besides the above elements Mo, Zn, Cd, Bi, Sn and Ag were detected. 


solution was absorbed on the column and eluted first with 2000 ml of 0-25 N HNO, 
and then with an equal volume of | N NH,OH. This latter fraction was taken to 
dryness and kept separate. The nitric acid eluate was taken to dryness, redissolved 
in 2 N HCl and absorbed on a smaller column as has already been described. In 
this case, two fractions were taken: the “iron” fraction (the first 100 ml of HNO, 
eluate) and the “‘main”’ fraction containing most of the noble metals. The resin 
itself was ignited and treated as a separate fraction. The latter, a blank on the 
reagents, the ammonia fraction and the two acid fractions were then examined 
spectrochemically in the wavelength range 2600 A to 3300 A. The results are 
summarized in Table 2. Fig. 2 shows a spectrogram of the HNO, ‘‘main’”’ fraction. 


(ii) Investigations on Cape granite 


Although it had been possible to detect most of the noble metals in a Pt-bearing 
rock, the question of whether they could be detected in a rock such as granite was 
of considerable interest and a sample of granite from the Cape peninsula area was 
selected for these further studies. The sample weight was 200 g and although no 
traces of the noble metals were detectable in the reagents, this was probably the 


19} P. A. Wacnrr, The Platinum Deposits and Mines of S. Africa p. 110. Oliver & Boyd, Edinburgh 
(1929). 
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upper limit of sample size that could be employed without special purification of 


the reagents. 

A procedure similar to that applied to the dunite was employed for the Cape 
granite and resulted in a final enrichment factor of about 20,000. Traces of Au 
were apparent in the resin, acid and ammonia fractions, and traces of Pt in the acid 
and ammonia fractions, but neither of these metals was found in any of the blanks. 


Discussion 

The experiments have demonstrated that even very rare elements can be 
detected by the ion-exchange—spectrochemical procedure provided that sufficiently 
high enrichment is achieved. Although 20,000 seems about the maximum 
enrichment that can be achieved for rocks, factors of up to 2 = 10' have been 
achieved for sea-water [20]. 

It is clear that a basis has been laid for the possibility of determining 
quantitatively many of the noble metals in silicate rocks and the method, or 
modifications of it, should have wide applications. 

If it is desired to determine simultaneously volatile elements that might be lost 
in the ignition of the resin (e.g. Zn, Cd, Bi etc.), these may be eluted selectively 
from the column in a separate operation leaving the Au on the resin. 


[20] R. R. Brooks, Analyst. In press (1960). 
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Fig. 2. Spectrogram of eluate residue from nitric acid elution of absorbate from 
hortonolite dunite, Merensky Reef, Transvaal. 
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Calcul de l’influence des effets de dispersion sur le déplacement des 
fréquences fondamentales de vibration en solution liquide 
Application aux solutions de CIH* 


F. L. GaLtatryt et B. Vopar 
Laboratoire des Hautes Pressions, Bellevue (8S. & O.) 


Abstract—A development of the dispersion energy about the internuclear distance of the solute 
molecule is given up to second-order terms. The coefficients in this development have been 
obtained by representing the molecule with the Heitler-London wave-function of the bond with 
an ionic term. This development allows calculation of the relative shift of the vibration frequency. 
This application to HCl dissolved in liquid solvents like N,, CCl, and C,Hg¢, gives an amount of 
from 30 to 50 per cent of the observed shift. Otherwise, the induction effect gives only from 2-5 


to 5 per cent of the shift for the same solvents. 


I. Introduction 
Lorsqu ON passe de l'état gazeux a l'état dissous, la structure des bandes infra- 
rouges de vibration des molécules diatomiques (hydracides par exemple) subit des 
modifications considérables. La structure de rotation disparait et l’enveloppe des 
branches de rotation, comportant deux maxima relatifs aux branches P et R est 
remplacée par un profil ne comportant qu'un intense maximum central, parfois 
accompagné d’épaulements latéraux. Il est alors possible de caractériser la bande 
de vibration d’un corps dissous par la position y de ce maximum par rapport a la 


fréquence fondamentale correspondante », de la molécule libre. L’expérience 
montre en effet que, de maniére générale, le maximum central se déplace vers les 
grandes longueurs d’onde. De nombreux travaux expérimentaux ont été effectués 


pour essayer de relier la grandeur du déplacement relatif Av/y = (vy — v9)/r a la 
nature du soluté et du solvant; » — », peut étre de l’ordre de 100 em~! (on 
trouvera dans |7—9] des références a ces travaux). Plus récemment, |’ étude de la 


structure méme des bandes a été approfondie [1, 2], permettant d’obtenir une idée 


globale de la structure moléculaire de ces solutions [3]. 

Avant d’aborder le probleme du calcul de Av/y, il est nécessaire de connaitre 
lorigine du maximum central caractéristique des bandes en solution liquide, 
maximum qui détermine la grandeur de Av/y. Il semble possible de l’attribuer a 
des transitions vibrationnelles entre deux niveaux de méme état orientationel. Ces 
transitions sont alors induites, d'une part sous l’influence du champ perturbateur 
des molécules du solvant qui déforment suffisamment les fonctions d’onde de 
rotation pour quelles deviennent permises [3] et d’autre part par la présence, lors 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 
1959; manuscript received January 1960. 
+ Adresse actuelle: Sloane Physics Laboratory, Yale University, New-Haven (Conn.). 
[1] M. O. et V. M. Orntova, Optika i Spektroskopiya 4, 569 (1958). 
|2] J. Lascomseg, P. V. Hvone et M.-L. Josren, Bull. Soc, Chim. France 1175 (1959). 
L. Gatarry, Spectrochim, Acta. A paraitre. 
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des chocs intermoléculaires, de moments induits par le recouvrement des nuages 
électroniques [4]. Dans les deux cas on peut admettre que de déplacement Ay est a 
relier A la différence des déplacements des deux niveaux de vibration entre lesquels 
s effectue la transition. 

Un premier essai d’interprétation de l’effet d’abaissement de fréquence, da a 
Baver et Maacar [5], assimilait le solvant a un diélectrique continu et ne 
tenait compte que de la seule énergie d’induction du diélectrique par la molécule 
dissoute. Des tentatives pour améliorer quantitativement la relation obtenue par 
ces auteurs ont été proposées par la suite. Ces travaux essayaient de tenir compte 
de la structure discontinue du solvant [6], de la polarisation de la molécule polaire 
elle méme |6, 7], ou du caractére non ponctuel du dipole actif [8]. Enfin une étude 
détaillée de influence de lénergie d’induction a été proposée par PULLIN [9]. 
Malheureusement, & moins de doter les molécules de rayons manifestement trop 
faibles, il s'avére que la relation de Baver et MaGat ou ses améliorations, ne 
rendent compte que dune fraction du déplacement observé. (Par exemple, 
pour BrH dissous dans CCl,, cette relation fournit » — y = 5 em~! au lieu 
des —40 em~! observés [8]}.) On doit done chercher des contributions de nature 
différente qui, dans les limites de l' approximation linéaire, s'ajouteraient au Av da 
a leffet d'induction. En effet il existe d’autre types d’énergie intermoléculaire 
(dispersion, orientation, répulsion), qui sont numériquement plus importantes que 
l’énergie d’induction et dont l effet n'est a priori pas négligeable pour le calcul de 
Av/y. L’influence de ces trois types d’énergie a été prise en considération pour la 


premiére fois par Benson et DricKAMER [10], mais ces auteurs se sont limités aux 


expressions classiques de ces énergies, ce qui introduit dans le calcul des dérivées 
dont lévaluation peut paraitre incertaine. Nous nous proposons de présenter ici 
un calcul moins approché de lVinfluence de énergie de dispersion sur Avr/y. Ce 
calcul sera ensuite appliqué aux cas des solutions de C1H. 


II. Expression formelle de Av/v 


Soit + ensemble des paramétres fixant la configuration d’une molécule de 
soluté et des molécules de solvant et E(r) énergie d‘interaction de dispersion 
entre la molécule de soluté et les molécules du solvant. Si x est la variation de la 
distance internucléaire de la molécule de soluté (supposée diatomique), a partir de 
sa position d’équilibre a l'état gazeux, on peut écrire: 


E(r) Er) xE'(r) 
Un calcul simple donne alors, dans la limite des petites perturbations: 


Ay 


v S2r*y,' 

+. TURRELL. Communicaticn personnelle. 
-. Baver et M. Macart, J. phys. radium, 9, 319 (1938). 

GALATRY et F. ScHULLER, Compt. rend. 244, 1749 (1957); 245, 901 (1957). 
4. D. Buckmyeuam, Proc. Roy. Soc. (London) 248, 169 (1958). 
J. LascomBe et M.-L. Josten, J. Chim. Phys. 761 (1957). 
A. D. E. Spectrochim, Acta 18, 125 (1958). 
A. M. Benson, Jr., et H. G. Drickamer, J. Chem. Phys. 27, 1164 (1957). 
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m et y sont la masse réduite et le coefficient d’anharmonicité mécanique de la 
molécule dissoute [5]. Le Av/y & comparer avec l’expérience s’obtiendra en prenant 
une moyenne pondérée de (Av/y)(7) sur toutes les configurations. En raison de 
ladditivité des forces de London, on écrira (1) pour un couple et on multipliera par 
le nombre de perturbateurs V la moyenne prise sur les positions relatives de ce 
couple. 

Le calcul de variation bien connu [11] permet d’obtenir pour |’énergie de 
dispersion dans un couple de molécules distantes de R l’expression suivante: 


- > Fal (21,7) + + (2) 


On a supposé, pour obtenir (2), que la structure électronique du perturbateur était 
& symétrie sphérique. Nous restreindrons de plus la sommation sur i aux deux 
électrons de valence de la liaison X—-H de la molécule d’hydracide et la sommation 
sur j aux électrons la couche périphérique du perturbateur. Cette relation pourrait 
étre généralisée au cas d'une liaison plus complexe. 

x, y et z sont les coordonnées des électrons. L’axe z coincide avec la droite qui, 
joint l'atome X (origine des coordonnées 1) au centre de la molécule de solvant 
(origine des coordonnées 2). M et ¢ sont la masse et la charge de |’électron; les 
crochets représentent des éléments de matrice pris avec les fonctions d’onde 
électroniques des molécules isolées. 

Soit © langle repérant l’axe internucléaire (axe et l’axe z, et &, n, les 
coordonnées électroniques dans les axes fixés 4 X—H. On a la relation: 


2,7) + + 4(z,7 &)(2 + 3sin? + + 3 cos? (3) 
qu'on développe par rapport a x. On pose 


(we 


| 
(4) 
J 


x (supposé indépendant de /) 

L’introduction des relations (3) et (4) dans (2) donne alors le développement de EZ, 
par rapport a 2: 


E' = - 


ou u cos ©, A (Sa’ a”) x’), relations analogues pour B et 


E A 4P, D A oP, 


On exprimera maintenant la quantité « au moyen de la polarisabilité « et du 
nombre d’électrons périphériques 4° de la molécule de solvant [11] assimilée 4 une 
structure électronique a couches sphériques: 
(5) 
a, est le rayon de Bohr. 


(11) H. Marcenav, Revs. Mod. Phys. 11, 1 (1938). 
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Les moyennes de E' et E"' seront prises en supposant une distribution uniforme 
des molécules de solvant et une distance R, d’approche minimum entre les deux 


molécules. 
En introduisant alors les quantités suivantes (écrites en unités atomiques): 


g + 2BI,” +1,") + + (A +O)! +1) 


f [ABEl, + {AB + (A + B)EV,! + (A+ 


1 . 


| u"{D? + du: JL, 


u"|D*® + du 


n 


on obtient: 
Ay e ne 
3 (49 + rf) (6) 
to 


2rv*m 


n = N/V est la densité numérique du solvant, « la polarisabilité de ses molécules. 


II. Applications aux solutions de CIH* 


L’application de la relation (6) réclame la connaissance des développements de 
E*) et (¢*) (¢ = 1 ou 2) des électrons de valence de C1H par rapport a la variation 


x de la distance internucléaire. Ces coefficients, ainsi que les coefficients analogues 


pour et (G,¢,), sont définis par: 


9 ” ” 


iSe 8 


' 
t 


S 


La liaison Cl—H a été représentée par la fonction d’onde: 


Y = p(ljh(2) + p(2)h(1) + Ap(1)p(2) (7) 


p et h sont les orbitales de Slater 3po et 1s centrées respectivement sur les noyaux 
Cl et H. La constante d’ionicité A (dont on négligera la variation avec x) a été 
calculée en ajustant le moment dipolaire calculé avec (7) sur la valeur expérimentale 
{14}. Onatrouvé 4 = 1,02. L’emploi de la fonction donde (7) et le développement 
des éléments de matrices conduit au calcul d’un certain nombre d’intégrales qui a 


été fait a aide des coordonnées elliptiques. Nous ne donnerons ici que le résultat 


du calcul: 


0.7750, p 0.0304, 0,0053, p 0,9837, 0,1754, 


a” = 3,4594, 2” = 1,2996, yy” = 0,2953, s =0,3119, t = —0,1037 


(en unités atomiques). 


* Des applications de la théorie faites ultérieurement pour CIH et FH perturbés par les gaz rares 
A, Xe et Kr ont été en bon accord avec les valeurs expérimentales. 12, 13) 
{12} B. Oksencorn, F. ScHULLER et B. Vopar, Compt. rend. 250, 1016 (1960). 
13) Vu Hal. These, Paris (1960). 
[14|} D. Z. Rosrnson, J. Chem. Phys. 17, 1022 (1949). 
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Application aux solutions ae C!H 


Pour éprouver ces valeurs nous avons calculé la polarisabilité et sa dérivée par 
rapport & # au moyen des relations: 


8a,*(a + 8 — 2p*) a, 


Ou 
16a,2(a” + s — 2p?)(p” + t — 4pq) 4 
0 Po PqY %/ 


Ceci conduit aux valeurs moyennes suivantes qui sont d'un ordre de grandeur 
compatible avec les valeurs expérimentales: = 1,8 
10-*4 [15]); Oa/dx = 2,4 1,0 10-16 em? 
10-16 em? [17)}). 

La relation (6) a alors été appliquée au cas des solvants N,, CCl, et C,H,. Les 
grandeurs intervenant dans le calcul sont définies comme suit: R, est la demi- 
somme des rayons de Lennard—Jones sauf pour CCl, od l’on a retranché 1,7 A 
(longueur de la liaison C—Cl) pour tenir compte de l’interaction prépondérante 
entre ClH et les atomes Cl. Ona pris 4” = 6 pour N,, 4 8 pour CCl,, et A 
12 pour C,H, (on peut d’ailleurs constater que Av/y caleulé dépend peu de la valeur 
choisie pour 4”). Le tableau suivant donne les valeurs obtenues. On a porté, a 
coté du Av/y calculé par (6), le déplacement relatif (Av/y), da a effet d’induction et 
caleulé avec la relation K.B.M. en posant a = R, (a est le rayon de la cavité 
creusée dans le diélectrique du modéle K.B.M.). 


(exp. 2,6 


em? (exp.: [16]; 1,23 


Tableau 1 


R, 10% em na/R, 1079 4g vf 


[formule (6)] 


Av/y x 104 
(exp.) 


Solvant Av/y x 104 Av/y x 104 


em 


Ny 3,5 77,2 1,85 43 2,5 83-104 [18] 
CCl, 2,9 268,0 1,68 136 8,1 190 [19) 
C,H, 4,28 87,8 1,75 46 2,6 471 [19] 


Le tableau 1 montre que effet d’induction est petit devant l’effet expérimental 
lorsqu’on identifie, comme cela semble étre légitime du point de vue moléculaire 
[20], le rayon a de la relation K.B.M. a la somme des rayons moléculaires. 

De plus, contrairement a leffet d’induction, l’effet de dispersion est de l’ordre 
de grandeur de l'effet expérimental, a l'exception du solvant C,H, ou il y aurait 
lieu d’envisager une interaction électronique plus spécifique entre le soluté et le 
solvant. 

Il convient de remarquer que E' et E'', done Av/ 
a” — a’, etc., 


vy, dépendent des différences 
qui sont d’autant plus grandes que la molécule est anisotrope. Ceci 
permet qualitativement de prévoir un déplacement plus faible pour les molécules 
plus isotropes (CO par exemple). Signalons enfin que la relation (6) donne, & cause 
du facteur nx, en premiére approximation la méme proportionnalité en ¢ —1 


la relation K.B.M. 


, que 


J. O. HirscHreLver, C, F 
~y w York (1954). 


. Curtiss et R. B. Brrp, Molecular Theory of Gases and Liquids. Wiley, 


[16] E. J. Sransspury, H. F. Crawrorp et H. L. Wewsn, Can. J. Phys. 31, 954 (1953). 

{17] R. P. Bewi, Trans. Faraday Soc. 38, 422 (1942). 

[18] - Z u et B. Vopar, Compt. rend, 248, 2469 (1959); B. Vopar, Conf. Roy. Soc, 1958. A paraitre. 
{19} L. Josten et G. Sournisseav, Bull. Soc. Chim. France 178 (1955). 

[20] ATRY. Thése, Paris (1958). 
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The analysis of the nuclear magnetic resonance spectra of some 
saturated and unsaturated hydrocarbon groupings* 


N. Banwety, N. SHeprarp and J. J. TuRNER 


University Chemical Laboratory, Lensfield Road, Cambridge, England 


Abstract——Detailed analyses of the hydrogen nuclear magnetic resonance spectra of some sub- 
stituted ethanes and substituted ethylenes (vinyl compounds) have yielded the magnitudes and 


relative signs of the inter-proton coupling constants. These show regularities that are related to 


the stereochemical configurations of adjacent pairs of CH bonds. 


Wir the recent publication of a number of theoretical papers [1-3] interest has 
been aroused in the magnitude and sign of electron-coupled spin-spin interaction 
constants between magnetic nuclei. The most extensive calculations are concerned 


with the coupling between hydrogen nuclei, and we present here values of these 


constants for certain saturated and unsaturated hydrocarbon groupings. 

The spectra were obtained using a Varian Associates V-4300B high-resolution 
n.m.r. spectrometer with flux stabilizer, operating at a fixed radio-frequency 
of 40 Me/s. 

The unsaturated compounds studied are those containing the vinyl group, 
CH,—CH—, and include the fluoride, chloride and bromide, divinyl ether, viny! 
methyl ether and styrene (vinyl benzene). An attempt has been made to standardize 
bulk magnetic susceptibility effects by measuring the spectrum of each compound 
dissolved to 10 per cent concentration in carbon tetrachloride containing 4 per cent 


cvclohexane as internal reference. 

The spectra of these compounds, apart from vinyl fluoride, have been analysed 
using the ABC model, following the notation of BernstTern ef al. [4]; since the 
fluorine nucleus also has a spin of }, vinyl fluoride must be treated as an A BCX case, 


and its spectrum has been successfully analysed in this way. Both models require 


the diagonalization of 3 8 matrices for exact solution, and use has been made of 
the Cambridge University Mathematical Laboratory's electronic computer EDSAC 
II to assist in the calculations. A programme has been devised which, by an 


iterative method, enables the computer to process data consisting of observed 


spectral frequencies, and to produce the coupling constants and internal chemical 


shifts which give rise to the observed spectra. In the case of A BC spectra a change 


in the relative signs of coupling constants affects mainly the intensities of the 


spectral lines and comparison between the observed spectrum on the one hand and 


spectra calculated from the four possible sign combinations on the other usually 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 


1959; manuscript received January 1960 


1) M. Karpcvus, J. Chem. Phys. 30, 12 (1959). 

2) H. M. McCowrnett, J. Chem. Phys. 30, 126 (1959). 

2) G. A. WoutttaMs and H. 8. Gurowsky, J. Chem. Phys. 30, 717 (1959). 

4) H. J. Bernstrers, J. A. Porte and W. G. Scuneiver. Can. J. Chem. 35, 65 (1957). 
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allows an unequivocal choice of correct relative signs. The only compound for 
which this proved impossible was divinyl ether. The signs recorded for this mole- 
cule are taken by analogy with vinyl methyl ether. For A BCX spectra both inten- 
sities and frequencies are altered and the correct relative signs of all six coupling 
constants have been unambiguously determined. 

The results are displayed in Table 1, from which it will be seen that the values 
of J,,, and J,,,,, for this system are in good agreement with those calculated 
by Karptus [1] of 6-1 and 11-9 c/s, respectively. No calculations have yet been 
published regarding the coupling between the two hydrogens attached to the 
same carbon (/,,,,), but an indication has been given [3] that the sign of this 


cis 


Table 1. Coupling constants for some hydrocarbon groupings (c/s) 


Vinyl compounds J? pur 


trans 


Vinyl! fluoride 46 12-8 20-1 52-4 84-7 
Vinyl chloride 7-2 14-9 1-4 
Vinyl bromide 71 15-0 1-7 
Vinyl methyl ether 6-4 14-0 1-8 
Diviny] ether 6-8 14-4 2-2 
Vinyl cyanide 11-8 18-0 1-0 
Vinyl benzene 10-9 17-5 1-1 


Substituted ethanes 


CIH,C-CH,CI IS + 1-2 + 


CIH,C-CHCI, 10-5 3-0 3-0 1-5 

Cl,HC-CHCI, 14 7 2-5 1-0 

BrH,C-CH,Br { 15:3 3-4 1-0 
| 16-5 2-5 2-5 15! 


* These coupling constants are arbitrarily assumed to be positive; other signs quoted for the same 
molecule are experimentally determined relative to this. 
t AR 0, therefore J = J’. 
+ AE #0, therefore J ~ J’ and J, and J, can be determined from one spectrum. The second value 
is that obtained from additional solvent experiments. 


("—H bond angle exceeds 125°. 
Table 1 shows an observed variation between +2 and 3 c/s. for this series 
of compounds. 


constant is likely to become negative when the H 


There is a strong correlation between coupling constants and the electro- 
negativity of the substituent atom or group attached to the vinyl radical. A plot 
of spin-spin couplings against the electronegativity values of DatLey and 
SHOOLERY [5] is shown in Fig. 1. The experimental points for /,,,,, J,,, and J/,,..,, 
are seen to fall on three approximately parallel straight lines, with the exception of 
some values for vinyl bromide. 

Brief mention may be made of the values of the hydrogen—fluorine coupling 
constants in vinyl fluoride. These are included in Table 1, and it will be seen that 
they are much larger than the corresponding Jy, values. This is probably due 


[5] B. P. Dattey and J. N. SuHooiery, J. Am. Chem. Soc. 77, 3977 (1955). 
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to the strong hyperconjugation effects between the fluorine 2p-orbitals and the 
7-orbitals of the vinyl double bond. It is noteworthy that even for these couplings 
the ratio J,,.../J... is still ~2 as calculated for hydrogen-hydrogen couplings 
by Karp us 

The saturated compounds studied have been the substituted ethanes of 
formula H,C-CH’,Z, H,C-CH’Z,, ZH,C-CH’,Z, ZH,C-CH’Z, and Z,HC-CH’Z,,. 
Where the grouping ZCH,-CH’,Z or Z,CH-CH’Z, occurs molecular symmetry 
leads to zero chemical shift between the two CH, or CH groups and hence the 
hydrogen resonance spectrum consists of a single line. In these cases use has been 


my 


7h 


made of the weak satellite features in the spectrum caused by the 1 per cent 
natural abundance of magnetic “C nuclei; these satellites constitute part of the 


spectrum of the small proportion of groupings of type 138CH ,-!27CH,— or 
3C°H-2CH—., the other part of the spectrum being masked by the much larger 


main resonance [6]. By analysing these satellites on A,B, (approximately A,X,) 
theory [7] or AB (approximately AX) theory, respectively, it has been possible to 


evaluate the coupling between the protons on adjacent carbon atoms. For the 


substituted ethanes, rapid internal rotation results in an averaging of chemical 
shift values and coupling constants |5, 9}. Making the experimentally justifiable 


assumption that there are only two different cross-molecule coupling constants for 
each molecule corresponding to trans (J,) or gauche (J,) configurations of adjacent 


CH bonds, the averaged coupling constant (or constants) can be calculated in 


terms of these two parameters provided information is available about the 
statistical weights of the rotational isomers. For example, for Z,CH-CH’Z,, the 


6) A. D. Comex, N. Suerrarp and J. J. Turner, Proc. Chem. Soc. 118 (1958). 
J. A. W. G. Scunerper and H. J. Bernstein, Can. Proc. Chem. 35, 1060 (1957). 
| 


81 H. 8. Gurowsky, D. W. McCatt and C. P. Sticutrer, J. Chem. Phys. 21, 279 (1953). 
9) J. A. Porte, Molec. Phys. 1, 3 (1958). 
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averaged coupling constant between the two CH groups is given by 


+ NoJ 
Nr Na 


J = 


where N, and N, refer to the number of molecules in trans and gauche isomeric 
configurations, respectively. Following Mizvsuima [10] 
Va o ( AE 
& 2 — 
RT, 


where AE = E — Beans Similar formulae apply to the other molecules and, 


“gauche 


in each case apart from ZCH,-CH’,Z, there is only one averaged coupling constant; 


| 
‘CH Sotellite | 


| 
| 


| 
| 
| 
| 
| 


Fig. 2. 


for the latter there are two different constants, J and J’, unless AE = 0, in which 
case J = J’, Thus in order to determine the values of J,and J, for each molecule 
it is necessary to be able to alter the value of J by changing the ratio NV, N, and 
to be able to make at least two different experimental determinations of J 
corresponding to different values of this ratio, and also to know the ratio values. 
The relative abundance of the different isomeric configurations for certain of the 
substituted ethanes have been calculated for the pure liquids using values of AZ 
from the literature. The abundances have been altered by dissolving the 
compounds in solvents of widely differing dielectric constant, and the new ratios 
determined by measurements on the intensities of infra-red absorption bands. 
The errors in this method are quite large but the results provide a consistent 
picture. Table | contains a summary of the results for these compounds. 


10) 5. Mizusnima, Structure of Molecules and Internal Rotation p. 34- Academic Press, New York (1954). 
I ) 
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The average value of J,/.J, throughout the series of substituted ethanes is 
approximately +6. This compares very well with the theoretical calculations 
of who obtains a value of + 5-4 for J the individual theoretical 
values are lower than the experimental. Lemrevx and his co-workers [11] have 
previously published similar results for the acetylated sugars, but the present 
values seem to be the first results for the substituted ethanes. 

Fig. 2 shows one-half of the satellite structure for 1:2-dichloroethane together 
with the theoretical spectrum calculated on an A,B, model. 

NARASIMHAN et al. [12,13] have attempted the analysis of the complex 
spectrum of liquid propane (CH,-CH,-CH,). We have analysed the weak features 
in the spectrum due to “CH,-"CH,-"CH, molecules to obtain a value for the 
coupling constant between the CH, and CH, groups; using this value and trial 
values of the chemical shift between these groups we have been able to obtain an 
almost perfect fit to the experimental spectrum, employing the computer EDSAC II 
for the calculation of exact theoretical spectra. It has proved possible to obtain the 
value of the chemical shift by direct measurement of the spectrum. 

Note added in proof. Since this summary paper was submitted a more detailed account of the work on 
substituted ethanes has appeared [14], and similar accounts of the spectra of v inyl compounds [15} and 


opane [16] are in the press. A theoretical and experimental study of coupling constants between geminal 
ons has also been published. [17 


R. U. Lewrevx,. R. K. H. J. Bernsters and W. G. Scunerver, J. Am. Chem. Soc, 79, 
1057 
r. NaRasmwHan, N. Larye and M. T. Rocrrs, J. Chem. Phys. 28, 1257 (1958). 
r. Narasrwnan, N. Larye and M. T. Rocrrs, J. Chem. Phys. 29, 1184 (1958). 
J. TcurRverR and N. SHeprarp, Proc. Roy. Soc. A252, 506 (1959). 
N. BANWELL and N. Suepparp., Mol. Phys. In press (1960), 
J. TcuRNER and N. Sueprarp, Mol. Phys. In press (1960). 
_S. Gurowsky. M. Karpivs and D. M. Grant, J. Chem. Phys. 31, 1278 (1959). 
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The second potential minimum in hydrogen-bonded systems* 


GORDON M. Barrow 


Department of Chemistry and Chemical Engineering, Case Institute of Technology 
Cleveland, Ohio 


Abstract—Some features of current interest in spectroscopic investigations of hydrogen-bonded 
systems are reviewed. It is shown that several approaches predict double-minimum potential- 
energy curves for the proton of the hydrogen bond. The experimental evidence on the relative 
heights of the two minima is correlated with the pK, of the acid and of the conjugate acid of the 
base involved in the hydrogen bond. Finally, it is shown that the electronic shifts accompany- 
ing hydrogen bonding can be deduced from changes in the electronic spectra of hydrogen- 
bonded phenolic compounds. 


From the earliest investigations of hydrogen bonding spectroscopy has been the 
most powerful investigating tool. Studies of hydrogen-bonded systems have like- 
wise constituted an important part of infrared spectroscopic studies. It appears 
that our present state of knowledge of hydrogen-bonded systems will lead to many 
new and fruitful spectroscopic investigations in the near future. It seems worth- 
while, therefore, to bring together some of the features of hydrogen-bonded 
systems that will play roles in these spectroscopic studies. 

The feature on which attention will be focused, and that which is currently of 
considerable interest, is the form of the potential-energy function experienced by 
the connecting proton of the hydrogen bond. Early spectroscopic hydrogen-bond 
studies were, for the most part, content with the fact that the parabolic potential 
of the covalently bound hydrogen was in some way broadened to give the experi- 
mentally important result of a fundamental absorption band shifted to longer 
wavelength. Interest now, however, is centered on a more complete picture of the 
potential experienced by the hydrogen-bonded proton. Such interest leads one to 
consider, for example, the shape of the potential function at energies higher than 
those which influenced the lowest two allowed levels or to consider the potential 
function for very strongly bonded systems where the hydrogen bond cannot be 
considered as simply a small perturbation. 


Investigations of the potential-energy function 
Three essentially different types of approaches have been used to investigate 
the detailed nature of such potential-energy functions. 
Quantum-mechanical treatments [1-5] have been presented by CovuLson 
and Danretsson, TsuBoMURA, McKINNEy and Barrow, Horacker, and 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 
1959; manuscript received January 1960, 
C. A, Coutson and V. Dantevsson, Ark. Fysik 8, 239, 245 (1945). 

H. Tsusomura, Bull. Chem. Soc. Japan 27, 445 (1954). 

P. C. McKinney and G. M. Barrow, J. Chem. Phys. 31, 294 (1959). 

L. Horacker, Z. Elektrochem. 61, 1048 (1957). 
L. Paouit, J. Chem. Phys. 30, 1045 (1959). 
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in attempts to predict theoretically the energy of the three-nuclei, four-electron 
system A-H -B 

as a function of the hydrogen position for given A - - + B distances. The complexity 
of even the simplest system that shows hydrogen bonding is such that these 
approaches, at present, either lead to no detailed predictions or must, as in the 
writer's attempt, make use of a simplified model of chemical bonds that can be 
carried over to the hydrogen bond. These theoretical attempts are of importance 
to the spectroscopist not only in regard to the potential-energy problem, but also 
in that they lead to statements about the electron distribution changes as a 
function of the proton position. Since one of the most remarkable spectroscopic 
features of hydrogen bonding is the great intensity change of the stretching 
fundamental, these theoretical ideas may lead to a welcome understanding of the 
observed changes in the dipole-moment derivative. 

The second approach to the potential-energy function is through the extension 
of semi-empirical expressions, that are based on covalent bonds, to hydrogen- 
bonded systems. Probably the most satisfactory of these semi-empirical treatments, 
which was later shown to have a theoretical basis, is that of Lipprncorr and 
ScHROEDER [6] which has been extended in more detail to hydrogen bonds by 
Rerp [7]. The simplicity with which such treatments can be extrapolated to 
unfamiliar systems, for example, very strong or very short hydrogen bonds, makes 
them very attractive and in our present state of theoretical and experimental 
development tends to lend a sense of reliability to their predictions. More 
satisfactorily, however, they provide a convenient reference with which 
theoretical and experimental findings can be compared. 

Finally, direct and predominantly spectroscopic experimental studies have 
been made which lead to a further understanding of the potential-energy function. 
Infrared spectra of the fundamental or overtone transitions of the hydrogen 
stretching mode can be directed at discovering a splitting of the upper, and even 
the lower, energy level. Such splitting indicates that a potential curve with a second 
minimum must be drawn. Such studies have been made on a variety of systems 
by [8], and Hap21 [9], and Beit and Barrow [10]. The conclusions 
drawn from the observed splittings seem, however, to be weakened by the 
apparently inescapable possibility of confusion with the overtone of the hydrogen 
bending mode. It is satisfying, therefore, that the conclusions from such studies, 
as will be shown, make a consistent picture when coupled with spectroscopic 
investigations not disturbed by this complication. Such studies include the 
deduction of tautomeric species using either infrared [11] or visible [10! spectral 
data. The related dipole-moment work and interpretation of TsuBoOMURA [12] also 


bear on this point. 


E. R. Liperscort and R. Scuroeper, J. Chem. Phys. 23, 1099 (1955); J. Phys. Chem. 61, 921 (1957); 
J. Am. Chem. Soc. 78, 517 (1956). 

c. REID. J. Chem. Phys. 30, 182 (1959). 

D. Handi, Vestnik Sloven. kem. drudtva 21 (1958). 

R. Burxe and D. Hap, Molec. Phys. 1, 391 (1958). 

C. L. Bett and G. M, Barrow, J. Chem. Phys. 31, 300, 1158 (1959). 

G. M. Barrow, J. Am. Chem. Soc. 78, 5802 (1956). 

H. Tsusomura, Bull. Chem. Soc. Japan $1, 435 (1958). 
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The general conclusion, common to all three approaches, is that the potential- 
energy function must be expected to show a double-minimum form for some 
hydrogen-bonded systems. Since only a few systems have been studied in detail 
so far, and, in fact, since only a few systems seem susceptible to study, a number 
of questions arise as to which systems show double-minima curves and, for a given 
system, what is the more detailed shape of the potential function. Some aspects 
of these questions will be considered. 

Previous investigations of solid systems, such as the important thermodynamic 
study of the potassium bifluoride crystal [13] and the X-ray diffraction studies of 
short hydrogen bonds like that in dimethyl glyoxime [14], have led to the 


Table 1. Experimental evidence for double-minima potential functions 


System Solvent Method Reference 


Carboxylic acids and Equimolar mixture I.R. of fundamental 
pyridine region 
Ferroelectric salts Pure solids [.R. of fundamental 
region 
Chloroacetic acids CHCl, I.R. of fundamental 
and pyridine region 
Alcohols and bases Base I.R. of first overtone 
region 
Phenols and bases CHCl, I.R. of fundamental 
p-Nitrophenol and CHCI,CHCI, Visible 
triethylamine 
Phenols and carboxylic CCl,, dioxane Dipole moments 
acids with amines and benzene 


recognition of single-minimum potential wells for strong solid-system hydrogen 
bonds. The different behavior for solid and liquid systems is another point of 
considerable interest. 


Summary of experimental results 


Only a few experimental studies that have been interpreted in terms of a 
double-minimum potential function have so far been reported. These studies, 
moreover, have been made on a variety of reacting species in the solid state and in 


various solvents. Table 1 summarizes some of these investigations. It is perhaps 
helpful to distinguish systems of isolated pairs of molecules coupled by a hydrogen 
bond from systems in which the hydrogen bonds act in a co-operative way 
throughout the system as in the ferroelectric crystals. Co-operative effects must 
be considered when the complete proton potential function and proton transfers 
are treated in liquid systems such as water and liquid alcohols. The added 
complexity of such systems, only partially compensated by the symmetric relation 
of the two proton positions in a group of bound molecules, makes such liquid 
systems at present rather difficult to treat. 


2. F. Wesrrem and K. 8. Prrzer, J. Chem. Phys. 15, 526 (1947). 
.. E. Gopycxt, R. E. Runpie, R. C. Vorer and C. V. Banks, J. Chem. Phys. 19, 1205 (1951). 
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The relation of the results of Table 1, primarily those for systems in solution, 
must now be considered. It is of interest to see if they can be correlated with any 
theoretical, semi-empirical, or related experimental results. 


Influence of solvents 

Since the available data apply to systems in different solvents, it is necessary 
to attempt to compare the proton potential function for a connected pair of 
molecules immersed in different media. A detailed and exact knowledge of this 
solvent effect can clearly not be expected. For systems like 


A:H 


which go over, when the proton moves near B, to the very ionic and high-dipole- 


moment form 
A: H: Br 


the chief solvation effect will occur for this proton-transferred species. The prime 
role of an active solvent, therefore, is through its solvation and dielectric 
stabilization of this proton-transferred species. It is also true that, even when two 
tautomers are not formed, the electronic character will vary with proton position 
and the solvent will be expected to have an appreciable effect on the shape of the 


potential curve. 
The solvation of the hydrogen-bonded system will not alter in the time VOLe 
required for a vibrational transition. If the potential function is to be described 16 


as having a second minimum at the v | or higher level, the solvation of a species 


corresponding to these excited states will not, therefore, effect the energy of the 
transition from the ground state to any excited state. On the other hand, if the 
two minima are occupied and transitions from these two proton positions are 
observed, the orientation of solvent molecules around each species can occur and 
will be effective in stabilizing the charged form. This factor is, however, difficult 
to treat quantitatively. 

The dielectric effect of the solvent will act to lower the potential energy for 
both high, unoccupied, and low-lying, occupied, proton-transferred states. The 
effect on the energy can be discussed in terms of a dipole immersed in a dielectric 
as has been shown by Frost and PEarson [15] and by MoeLwyn-Hvucues | 16}. 
Both entropy and free-energy effects must be considered, and again it is difficult to 
obtain any reliable estimates of the solvent effect. 


Comparison of potential-minima heights with aqueous pk, 


The only property that characterizes the proton donor and proton acceptor 
properties of the molecules involved in the hydrogen-bonding systems of Table | 
and that might be successfully correlated with the shape of the potential-energy 
curve for the bonding proton are the dissociation constants of the acids or of the 
conjugate acids of the bases in aqueous solutions. These constants, conveniently 


treated as pA,’s, are available, or can be approximated, for all the compounds 


15) A. A. Frost and R. G. Pearson, Kinetice and Mechanism p. 125. John Wiley. New York (1953). 
16) E. A. Momtwyn-HvueGnes, Proc. Row. Soc. (London) A 155, 308 (1936). 
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involved as long as aqueous pX,,’s are used. While some studies have been made 
in more suitable solvents [17], these data are not sufficiently complete to be of use 
here. It is necessary to consider if such data can be expected to be at all simply 
related to behavior in such non-dissociating solvents as ( ‘l, or CHCI,. 

In a non-dissociating solvent the potential curve, for the hydrogen-bonding 
proton, that shows two minima can be thought of as remaining between the two 
proton-connected nuclei which remain at a fairly fixed distance. The difference 
between the height of the two minima of the potential curve corresponds, on an 
energy scale, to the tendency of the proton to be transferred. One can picture the 
same sort of proton transfer as occurring between an acid molecule and a base 
molecule in aqueous solutions except that then the original species were hydrogen 
bonded to water rather than to each other and the ions that are produced dissociate 
rather than remain as an ion pair. A correlation might be expected for behavior 
in the two types of solvents if the solvation of the original molecules and of the 
salt ions is essentially the same for all the systems considered. That such behavior 
can frequently be expected follows from the approximate parallel found, for 
example, between the basicities of a set of bases measured against a given acid in 
aqueous and non-dissoviating solvents [18]. The parallelism generally appears to 
hold to about one pX, unit unless drastic changes are made in the nature of the 
set of bases. 

With a recognition of the approximate nature to be expected for any correlation, 
one can make a graph, as in Fig. 1, of the pX,,’s of the acids and the conjugate 
acids of the bases involved in hydrogen bonds. On such a graph the information 
of Table | can be indicated. The correlation is successful if the relative heights of 
the potential minima, known only approximately, of course, fit any pattern with 
respect to the pX,,’s of the species involved. The straight lines are drawn through 
the few experimental points to emphasize that the data on the relative height of the 
two potential minima do, in fact, correlate with the pX&,,’s. 

Such a plot, though of an essentially qualitative nature, is valuable in that it 
predicts, in terms of the pX,, of the acid and of the base, the relative heights of the 
two potential minima for the proton. 

The difference in aqueous and non-dissociating solvents shows up in the 
prediction of Fig. | that for the two minima to have essentially the same height the 
value of 

(PK a)vase — (PK acia = 3 
whereas a value of zero for this difference might have been expected. Thus, in 
aqueous solution a proton is about equally distributed between triethylamine and 
the phenolate ion. In non-dissociating systems the acid strength must be increased 
to that of nitrophenol to obtain potential minima of approximately equal heights. 
The lower dielectric constant of the solvent plays the dominant role in this 
difference. 

A similar correlation has been attempted by TsusomuRa [2] on the basis of his 
dipole-moment results. While the curve that he draws to indicate partial proton 
. for example, M. M. Davis and H. B. Herzer, J. Research Nat. Bur. Standards 39, 221 (1947). 


N. Bronstep, A. Detpanco and A. Tovsore-Jensen, Z. physik. Chem. (Leipzig) A 169, 361 
(1934); R. P. Bevy and J. W. Bayes, Proc. Roy. Soc. (London). 1518 (1952). 


[17] See 
{18) J. 
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transfer, corresponding to the v = 0 line of Fig. 1, is somewhat different from that 
suggested by the spectroscopic results, the general result is in very satisfactory 
agreement. The fact that the solvent differences have been essentially ignored is 
probably enough to account for the discrepancy in the two deductions. 

It is to be hoped that the details of Fig. | will be filled in. While it is possible 
with the semiquantitative data from the spectroscopic studies to avoid the 
complications of the finer details of solvent effects, it is desirable that these effects 


i2 


Pyridine 


pK, (conj. ocid of bose) = pK,(b) 


nN 


Fig. 1. Correlation of the v ibrational level at which splitting occurs with the acidity and 
basicity of the involved species. Tautomers exist, 1. the v 0 level is split, for (1) 
chloroacetic acid and pyridine; (2) p nitrophenol and triethvlamine. The fundamental 
transition indicates that the v 1 level is split for: (3) phenol and pyridine, and for the 
deutero compounds: (6) phenol d and triethvlamine; (7) p-nitrophenol d and pyridine. 
The first overtone indicates that the v 2 level is split for: (4) phenol and acetone; 
(5) methyl alcohol and dimethviformamide. Solid lines show pK,’s of the acids and 
bases that can be expected to produ e splitting of the indicated vibrational energy levels. 
The dashed lines are those calculated for the O D compounds, . 


be studied. Similarly the detailed nature of the acids and bases will undoubtedly 
show up and this will produce behavior less easily generalized. 


The separation between the connected nuclei 

The deduction of a potential function from the spectroscopically observed 
fundamental or overtone splittings should be possible in more than the qualitative 
way that has been used for Fig. 1. An immediate obstacle to this is our lack of 
knowledge about the AB internuclear distance in the A—H-:--B system in 
solution. It is this internuclear distance, moreover, that must be primarily 
responsible for the single- or double-minimum shape of the proton potential 
function. For the groups A and B of the system AH - - - B at large separation in 
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the potential for the proton will show two well-separated minima. The energy of 
the system will, however, decrease as the AB distance decreases. The semi- 
empirical results of Ret, for example, indicate that, for a proton that is 
energetically equally attracted to A and to B, the energy of the system is a 
minimum when the AB distance is quite short: short enough, in fact, to lead to a 
single-minimum potential curve. The semi-empirical treatment suggests, therefore, 
that for solutions the system does not go to an energy minimum with regard to the 
AB distance. Qualitatively, it is easy to see that the entropy factor will operate to 
favor less tightly bound units and could be responsible for an AB distance long 
enough, about 2-5 A for O—H ---- O systems, for double minima to be expected. 

For solid systems no great entropy dependence on the bonded atom distance 
can be expected, and in solids the semi-empirical results appear to be directly 
applicable and predict the observed single-minimum curve for strong hydrogen 
bonds. 

For systems in solution it appears to be necessary, for the construction of 
potential curves, to adopt the rather unsatisfactory procedure of estimating the 
AB internuclear distance from the data of solid-state systems. With such data 
one can construct reasonable potential curves which, as HapZ1{8, 9] has shown, 
can be made to fit the observed spectral data. It is as yet, however, difficult to 
come on a reasonably unique potential function, and any one potential curve gives 
really only semiquantitative results for the relative heights of the potential 
minima. The qualitative estimates of the heights of the potential minima used in 
Fig. | are, therefore, all that the present information warrants. 


The effect of deuterium substitution on the energy levels relative to the potential curve 

Since most spectroscopic investigations are likely to be done with deuterium 
in the hydrogen bond rather than a proton, it is necessary to relate the implications 
of Fig. 1 to the O—D bond. Although these systems show considerable anhar- 
monicity, so much so at the higher levels that the concept of anharmonicity 
becomes confusing and of no value, the deuterium levels can be estimated to be 
lowered by a factor of the square root of two. This factor has little effect on the 
v = 0 level, and the presence and relative abundance of hydrogen-bonded 
tautomers should be quite independent of isotopic substitution. From the dotted 
lines of Fig. | it can be seen that the v lorv 2 level can be split only with a 
considerably stronger acid and base when deuterium rather than hydrogen forms 
the hydrogen bond. This effect has been observed in the studies on alcohols and 
phenols associated with various bases. 


The electron distribution in hydrogen-bonded tautomers 


So far the information on the double-minima potentials of hydrogen-bonded 
systems has been brought together and correlated with other molecular properties. 
It is to be expected that when the double minima have approximately the same 
height the two tautomeric species that exist will be considerably different from the 
free molecules and from the separated proton-transferred ions. For the non- 
proton-transferred species one is led immediately into the problem of the effect of 
hydrogen bonding on the bonding molecule or, more specifically, on the O—H bond. 
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The theoretical deductions of McKinney and Barrow [3] and semi-empirical [19] 
results suggest a small increase in the ionic character of the bond for ordinary 
bonding situations. For a very strong bond, as must be postulated for the non-ionic 
tautomer, the ionic character should be appreciable. 

Only indirect evidence can be brought to bear on the question of the electronic 
nature of the associated groups. One approach to this problem can be illustrated 
by the visible absorption spectra of p-nitrophenol when this molecule is free and 
associated in various hydrogen-bonding situations. The extinction maxima, from 


Table 2. Extinction maxima for p-nitrophenol with various bases 


OH ° 
eur Structure 


(mys) ionic ch. 


Base Solvent 


None cycloHexane 299-5 ON-C (30) 

None 1:2-Dichloroet hane 304-5 Co (30) 

Pyridine 1:2-Dichloroethane 318 ONC, -++ Py 40 

Triethylamine 1:2-Dichloroethane 327and O,N-C,H NEt, 47 

396 O,N-C,H +++» H—NEt, 9s 

Triethylamine Ethanol 398 ON -C, (100) 
or KOH 


a previous study of this system [6], are presented in Table 2 along with diagrams 
indicating the species that one might associate with these maxima. If the 
reasonable assumption is made that the change in the position of the extinction 
maximum is due to the effect of the change in the OH bond on the absorbing 


electronic system and that the principal effect on the OH bond is the change in its 
ionic character, one can add the list of ionic characters shown in Table 2. The 
assumption has been made that a linear relation between the ionic character and 
extinction maxima exists. 

This type of approach seems capable of leading to interesting information on 
the electronic changes that correspond to the two minima in the potential-energy 
function for hydrogen-bonded systems. The results of Table 2 are in line with 
previously developed ideas. The use of such electronic transitions, therefore, can 
lead to information on the electronic distribution effects of hydrogen bonding just 
as the infrared spectra lead to information on the potential energy of hydrogen- 
bonded systems. 


{19| G. M. Barrow, J. Phys. Chem. 59, 1129 (1955). 
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Delta-function model of chemical binding*+ 


E. R. Liprrxcorr and MarGaretT OAKLEY DayHorr 
Department of Chemistry, University of Maryland, College Park, Maryland 


Abstract 


large number of bond properties may be calculated for diatomic molecules and the bonds of 


A semi-empirical delta-function model of chemical binding is presented from which a 


polyatomic molecules. The predicted properties are dissociation energy, bond length, vibrational 
frequency and anharmonicity. For diatomic molecules the only information used in the cal- 
culations other than the assumptions of the model are the electronegativity values for the 
elements, which must be used to evaluate delta-function strengths from an empirical rule. 
The simplicity of the method results from the fact that the calculated energy of the molecular 
system is the sum of one-electron or one-electron-pair energies. All electrons in a valence shell of 
an atom make contributions to the binding energy. The building-up principle is the same as that 
of the simple MO method. The equilibrium bond lengths are calculated from the condition 
which minimizes the binding energy with respect to the delta-function-strength parameter. 
Calculations have been made for the properties of 120 bonds of diatomic molecules and seventy 
bonds of polyatomic molecules. For homonuclear diatomic molecules with well-established 
experimental properties the calculated bond lengths have an average error near 3 per cent and 
the calculated dissociation energies an average error near 4 per cent. For heteronuclear bonds 
the results are somewhat poorer with hydrides giving the poorest results. For homonuclear 
bonds of polyatomic molecules the results are nearly as good as for diatomic molecules. 


Introduction 
DELTA-FUNCTION models of electronic systems have been discussed by a number of 
investigators [1-4]. The results from some of these models have been encouraging 
in that the predicted interaction energies and other bond properties compare 
rather well with the experimental results. Since, with the exception of the H,* 
and H, molecules “‘first principal’? methods of obtaining molecular energies give 
qualitative predictions of such bond properties as dissociation energy, bond length, 
bond stretching force constant, etc., it is of interest to investigate the extent to 
which such semi-empirical models can predict the bond properties of a wide 
range of electronic systems. 

This paper presents an extension of a delta-function model which was used 
for the derivation of an internuclear potential function and the calculation of the 
bond properties of the H,* and H, molecules. The proposed model will be used to 
predict the equilibrium bond length, &,, dissociation energy, D, vibrational 
frequency, anharmonicity, z,,, and the internuclear potential-function 
parameter, , for a large number of diatomic molecules. The only information 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 
[1959; manuscript received January 1960. 
+ This work was supported in part by the Office of Ordnance Research, U.S. Army. 
[1] A. A. Frost, J. Chem. Phys. 25, 1150 (1956). This paper contains references to earlier applications of 
delta-function models to electron systems. 
[2] E. R. Lreprxcort, J. Chem. Phys. 26, 1678 (1957); 28, 603 (1955); EE. R. Lrpprecort and A. Lerrer, 
Ibid 28, 769 (1958). 
[3] E. A. Mason and J. T. Vanperstiice, J. Chem. Phys. 28, 432 (1958). 
{4| J. T. Vanperstuice, E. A. Mason and E. R. Liprrncorr, J. Chem. Phys. 31, 738 .(1959). 
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used in these calculations other than the assumptions of the model are the 
electronegativity values for the elements. The simplicity of the method results 
from the fact that the calculated energy of the molecular system is the sum of 
one-electron energies (or one-electron-pair energies) some of which are binding 
and others anti-binding. All electrons in a valence shell of an atom make 
contributions to the binding energy. 

The main assumptions of the model are: (1) The total energy of a molecular 
system may be obtained from the solution of the Schroedinger equation using a 
delta-function potential. (2) Internuclear repulsion and inner-shell repulsion may 
be accounted for by a shifting of the delta-function positions from the nuclear 


positions but such that the equilibrium internuclear distance coincides with the 


delta-function spacing at equilibrium. (3) The equilibrium bond length may be 
calculated from the condition which minimizes the binding energy with respect 
to the delta-function parameter, g. (4) A building-up principle may be used which 
is essentially the same as that of the simple MO method. (5) A “coupling” rule 
which dictates whether the energy is taken as a single-electron energy or single- 
electron-pair energy. (6) An empirical rule from which the delta-function 
strengths may be calculated from electronegativity values and the electron 
configuration. 

A discussion of the significance of the shifting of the delta-function positions 
has been given by Mason and VANDERSLICE [3] in terms of the Hellmann—Feynman 
electrostatic theorem [5, 6]. These shifting delta functions are somewhat analogous 
to the floating atomic orbitals used by Hurry [7]. 

The model is valid only for homonuclear molecules but heteronuclear ones are 
treated by considering them as pseudo-homonuclear. The results are good for 
most heteronuclear molecules with hydride molecules giving the poorest results. 

The model has been extended to the symmetrical triatomic molecules H,* 
(triangular), H,* (linear), H, (triangular) and H, (linear) with good results. 
Bonds of more complicated polyatomic molecules have been treated by assuming 
that they approximate a diatomic molecule and that the only electrons necessary 
for use in the computations are those in the immediate bond environment. 


Solution of Schroedinger equations 
For an electron in a diatomic molecule, we wish to consider two electronic 
degrees of freedom corresponding to motion along the internuclear axis and motion 
about the internuclear axis. To accomplish this it is sufficient to consider the n 
electron problem in cylindrical co-ordinates with a fixed radius. The potential 
energy of this system is taken to be the sum of single-electron (or electron-pair) 
delta-function potentials at x -a/2, independent of ¢. 


[A,gd(x — a/2) A (1) 


where x is the co-ordinate for motion along the internuclear axis and R is the 
internuclear distance. a is the delta-function spacing. a is assumed not necessarily 


5) R. P. Feynman, Phys. Rev. 56, 340 (1939). 
6) T. Berurm , J. Chem. Phys. 19, 208 (1951). 
7| A. C. Huriwy, Proc. Roy. Soc, (London) A226, 170, 179, 193 (1954); Ibid. 235, 224 (1956). 
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equal to R except at the equilibrium bond lengths. A, and A, are delta-function 
strengths for the respective nuclei, g the unit delta-function strength (the value 
for the H atom) and 0(2) is a delta-function. Thus the potential is zero everywhere 
except at the delta-function positions where it is infinite in such a way that 


lim V(x + a/2) Ag as (x +a/2) +0 


The Schroedinger equations for such a problem are readily separated into n 


equations of the form 
| 
2 dx* 


Ag — a/2) O(a 


and 

where ¢ is the separation constant (e = m*/2r?) and r is the constant radius of the 
cylinder. Atomic units areemployed. A = A, = A, corresponds to a homonuclear 
molecule. The values of A for H,*, H,, and H,* and H, are known directly from 
the ionization potential of H. For all other molecules, the value of A is determined 
from the electronegativity of the elements by means of an empirical rule. m is the 
angular-momentum quantum number for motion about the internuclear axis and é 


is the total energy of the system. The solutions of these equations are well known 
and have the form; 

Niexp (—clx + a/2|) + exp (—elx 
where (2/c)[1 + exp (—ac) + ac exp (—ac)] 

.(—2E)"2, where é 


| 1/2 
exp (-+-im¢) 


also 


The positive sign corresponds to a bound state while the negative sign corresponds 
g g g 
to the repulsive state. The values of m of 0, 1, 2,-++ correspond to a, 7, 6, +> - 
electrons, respectively. 
The wave-functions for the n electron system are then a product of the 
respective delta-function wave-functions and rigid-rotor wave-functions of the form 
while from equation (6) 
If one has a method of evaluating the c’s at the equilibrium internuclear distance 
and for infinite separation, the binding energy AF of the molecule can be obtained 
from the relation 
AE R,) — Xe,7(a (10) 
where AEF D, = dissociation energy measured from the bottom of the 
internuclear potential curve. 
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The first problem then is to obtain an expression for the c’s as a function of the 
internuclear distance. This may be accomplished by using the boundary conditions 
which are valid for the two delta-function positions [1, 2]: 


** A(dw/dx) 
| (dy | (dp/dx)—%5 
L y r=a y 


where A(dy/dx) is the change in slope as x goes through the delta-function position 
in the positive direction. These two conditions give a secular equation of the form 


2Ag and 


c — Ag -Ag exp (—ac) 
- 0 
Ag exp (—ac) c — Ag 
which has the two solutions 


Ag\l + exp (—ac)} (12) 


where the + and — signs correspond to the attractive and repulsive states, 
respectively. Notice that as a (and thus R) goes to « 


c = Ag 
Since E (—1/2)c? 
this gives cia = ©) = Ag = y/[—2E(a = &)] (13) 


Thus Ag is obtainable from separated atom energies. The device employed here 

for multi-electronic systems will be to define an effective separated atom energy, 

- ,-, for each electron in terms of the electronegativity of the atoms involved 


in the molecule. 


Although the ¢ values at a = © are now known in principle from the separated 
atom energies, a method must be given for calculating values of ¢ at a R,, 


before one can compute a binding energy. This cannot be done without having an 
independent method of evaluating a at the equilibrium distance. After considering 
a number of possibilities we have found that the following method gives very 
satisfactory results. 
It is proposed that the following condition must hold at the equilibrium 
internuclear distance 


dg dg 


where g is the delta-function parameter and where i extends over all electrons and 
electron pairs that make a contribution to the energy. These equilibrium conditions 
are characterized by the fact that the binding energy must be minimized with 
respect to the delta-function strength parameter, g. Even though we have treated g 
as a variable in minimizing the binding energy with respect to g, there is only one 
value of g which is valid for the final equations, namely g 1. This follows from the 
fact that the delta-function Schroedinger equation gives exact solutions and thus 
only the true value of g gives values for the energy consistent with these exact 
solutions at all distances. 
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An explicit form for this condition may be obtained as follows. Considering 
equation (12) for a single electron, one calculates 
A[{l + exp (—ac)] elg 


Aga exp ( ac) : 1 t agA exp ( e ac) (15) 


Since the interaction energy for one electron is 
AE = —[c?(R = R,) —c?(R (16) 


application of conditions (14) using equation (15) gives with no approximations 
the following expressions, the upper sign referring to the attractive state, the 
lower to a repulsive state 
dAE _ A*g exp (—ac)[2 — Aag + exp (—ac)] , 
(17) 
dg 1 + Aag exp (—ac) 
where AE refers to the interaction energy of a single electron or a single electron 
pair. 
Equation (12) can be written 
c/Ag = 1 + (18) 
where c/A,, is an implicit function of only (aA,,). This equation can be readily 
solved by iteration. The results are tabulated in Table 1. dAZi/dg is then a 
function of only A,ag and can also be calculated. The results are also given 
in Table 1. The binding energy contribution of each electron or electron pair, 


AE, | | i} /2 (19) 


Ag 


is then a function of A,ag. Values of 2AZ,/(A,q)? have been tabulated in Table 1. 

In considering a molecule, various values of a are used to compute Xd AF ,/dg 
and the value of a selected for which Xd AE ,/dg = 0. This is then the equilibrium 
value of a, and since a = R when Rk = R,, this is also the equilibrium internuclear 
distance. The dissociation energy LAH, can then be calculated, since the equili- 
brium value of a is now known. In computing AL ,/dg and one uses the 
building-up principle and the “coupling” rule which dictates whether one is to 
use single electrons or electron pairs in the computations. 


Building-up principle 
In order to determine which electrons are in bonding and which are in anti- 
bonding levels, we will use the simple MO building up rule. The order of filling 
the levels is: 


The * indicates the repulsive orbitals. This order is also suggested by a comparison 
of calculated bond properties with observed properties. It should be noted that 
the values of the principal quantum number are determined by the states of the 
separated atoms and not by the proposed model. 
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Table 1. Reduced values of (1/4,7)(dME,/dg) and 24£, (A.g)* as a function of Aja 


Binding contribution Anti-binding contribution 


(+ 2AE,/A?*) 


24E 


l 11-2784 00-2784 0-63545 0 0 0 

1-7 11-1431 O-o5L0 00-6913 00-5222 
11-1306 O-O350 O-2785 00-0344 00-4629 
1-0 1-1195 00-0214 00-2533 00-7678 00-0548 O-4105 
20) 1-1088 0-00907 0-2291 0-7968 0-0696 O-3651 
2-1 11-0995 0-2082 O-S221 00-0790 00-3241 
2-2 00-0083 0- 1808 00-8437 0-0846 00-2882 
2-3 L-OS825 O-1718 O-S626 O-2570 
2-4 10757 0-0208 00-1569 O-RTRO 0-0893 00-2279 
2-5 1-0690 O-O253 00-1428 00-2033 
2-6 10629 002900 00-9048 O-O88S0 00-1814 
9-7 00-0320 0O-G158 0-0854 O-1613 
2-8 1-0525 0-0342 0-1078 0-9250 0-0831 00-1445 
2-9 1-0479 0-0358 0-098 1 00-9335 O-O796 00-1286 
30 10437 0-G405 00-0764 
3:1 00-0376 00-0812 00-0731 0-1032 
3-2 1-0363 00-0378 00-0739 0-9525 0-0698 00-0927 
3:4 00-0374 0-0O611 0-9620 00-0627 00-0745 
3:5 11-0274 00-0368 00-9660 00-0592 
1-o250 0-0361 O-O505 O-O557 0-0600 
37 1-0228 0-0353 00-0461 00-9728 00-0522 0-0537 
3-8 11-0207 00-0341 O-O418 00-9754 00-0491 00-0486 
34 10187 00-0328 O-O377 00-0435 
40 O-O345 0-802 00-0434 00-0392 
5-0 11-0065 0.9930 00-0218 
55 1-040 00-0080 OOLSI 0-0084 
7 O-OOLS 0-009) O-0046 O-OO1LS8 


Coupling rule 
In the calculation of the bond properties of the H, molecule presented 
previously |2], it was found that the bond properties were only predicted with 
reasonable accuracy if the two-electron problem was replaced by an equivalent 


one-electron-pair problem. Thus we define a resultant ¢ value 

c,* c or, if Cy Ce, c (2)e, (20) 
which reduces the hydrogen-molecule problem to a super one-electron problem 
with ¢(H,) \ (2)e(H,*), and the delta-function strength becomes 


A (pair) \/(2)A (single electron) (21) 


These definitions cause no difficulty since the electron energies are additive. 
With multi-electronic atoms, an extension of this simple rule must be made. 
Comparisons of predicted results with observed properties, mainly of second-row 
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5, elements and alkali metals suggest the rules given in Table 2. All anti-bonding 
a electrons give one-electron-pair contributions. The situation with o-bonding 
a electrons in completed orbitals of valence shells seems to be dictated by the 
uf number of circular nodes cutting across the internuclear axis. Thus bonding 
7 o-electrons with no node cutting the axis (lsc. 2pa) give one-electron-pair contri- 
— butions to the energy. Bonding o-electrons with two nodes cutting the axis 
| (280, 380, 3poa) give two one-electron contributions. Bonding z-electrons always 
a give one-electron-pair contributions each with delta-function strength 4/(2)A. 
7 These results are summarized for a number of diatomic molecules in Table 3. 


Table 2 


A. Electrons giving one-electron contributions to the energy: (delta-function strength for 


each electron Aq) 


(1) Bonding a-electrons in unfilled shells for which n l 1 as 280, 380, 3po, 4po, ete. 


B. Electrons giving one-electron-pair contributions to the energy: (delta-function strength 


for each pair y (2) Ag) 
(1) All antibonding electrons. 


(2) All bonding z-electrons 


(3) Bonding o-electrons where n 


principal quantum number of electron in the separated atom. 
l orbital angular-momentum quantum number of electron in the separated atom. 


Empirical rule for delta-function strengths Ag 


The delta-function strengths for systems involving only H atoms are readily 


obtained from the separated atom energy and equation (13). For molecules 
involving other atoms the situation is much more complicated. We initially 
tried to evaluate a separate A for each electron based on the ionization potential 


of each electron as it is separated from the atom under consideration with fairly 


good results. We next tried to assign different delta-function strengths from the 


ionization potentials of each electron as it was ionized from the atom in the field 


of all the remaining electrons. This method gave reasonable results (with notable 


exceptions) but has the disadvantage that one must know the proper atomic 


excitation potentials. A number of these are not available for the heavier atoms. 


In view of the oversimplified nature of the model it was finally decided to use an 


empirical rule to determine a single A for all electrons in terms of the electro- 


negativities of the atoms making up the bond. 
The empirical rule which we have found to give best results is: 


A l-7p — 0-8D + 3-0F)}'? (22) 
where x = electronegativity of atom; 
n principal quantum number; 


{1 for atoms with p-electrons in valence shell; 


I |0 for atoms with no p-electrons in valence shell; 
D = total number of completed p- and d-shells in an atom: 
F = total number of completed f-shells in an atom. 
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Delta-function model of chemical binding 


The calculated A values from equation (22) are given in Table 4. With the 
exception of H the electronegativity values are from Pauling.* To give the correct 
separated atom energy for this model the electronegativity of H must be taken 
as 2-6 which is close to the value calculated from the equation x = (I + £)/130 
suggested by Mulliken for the calculation of electronegativities. Values of 
electronegativities not given in reference [8] were estimated from the known bond 
properties and are uncertain. 

Justification for using only electrons in the valence shell is readily found by 
estimating the values of the delta-function strengths A which one would obtain by 
using the appropriate ionization potentials of the inner electrons. These A-values 
are so large that when they are used in equations (12) and (16) there is only a very 
negligible correction to the binding energy. 


Calculation of vibrational frequencies and anharmonicities 


Before a calculation can be made of the force constants of the diatomic 
molecules under consideration, it is necessary to consider some additional factors. 
The most important of these is the form of the shifting function which describes 
how the delta-function spacing, a, differs from the internuclear distance, R, 
when R + R,. The only condition assumed so far is 


a=R when R= R,; ax R when RFR, (23a) 


In addition one must have 


dAE/dR=0 when R= R, 23b) 


These conditions do not furnish any information as to the form of the internuclear 
potential function for the model or its curvature near its minimum, with the 
result that frequencies and anharmonicities cannot be computed without additional 
assumptions. To make the problem tractable we will assume the form of the 
delta-function spacing, a, as a function of R. 


Aa = Rf(R,/R) = Ria, + a,(R,/R) + a, R,/R)*? + (24) 


where the function f(R,/R) has been expanded in a polynomial series and 


Aa =a — R,. Further it is assumed that the first three terms in the expansion 
are the important ones in determining the form of the internuclear potential 
function. In order to make a R when R, R the neglected terms must be 


such that f(R,/R) = 0 when R = R,. The condition that (dAF/dR), = 0 can 
only be satisfied if 


(dAa/d R), 0 (25) 


where the subscript refers to equilibrium conditions. From (25) it follows that 


as (26) 


* For a summary of electronegativity values see Hucers [8]. The values used in the computations 
were from a compilation by Prrzer [9]. 

[8] M. L. Hueerns, J. Am. Chem. Soc. 75, 4123 (1953). 
(9) K. Prrzer, Quantum Chemistry p. 147. Prentice Hall, New York (1953). 
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Table 4. Calculated bond lengths and dissociation energies 
for homonuclear diatomic molecules* 


Molecule Type R (obs)*t dD D, (obs) D, (obs) 
(1. 0, 0) 1-00 1-06 De! 61-1 61-1 
1-00 78 O-7418 103-2 103-2 
065 14188 37 63°: 
753 1-988 57-6 57: 57 
663 2-23 2-283 45: 
584 2-5 2-67 34-4 35-6 35-6 
421 
00 , 22-6 117: 
OSS 
82:3 
O17 
538 
309 
927 
630 
406 
365 
S46 
16 
1960 


5356 
4853 
$352 
758 
533 

72 


326 
538 
$14 
337 
319 


289 


te 


468 
440) 
367 
439 
358 
301! 


So to te te te te 


we & to te te 


The bond lengths are given in angstrom units and dissociation energies in keal/mole. 
+ Equilibrium bond lengths and dissociation energies from a compilation by G. HERZBERG (10). 
Dissociation energies from a compilation by GAYDON fll}. 


§ (12). 


lO!) G. HERZBERG. Spectra of Diatomic Molecules pp. 502-581. Van Nostrand, New York (1950). 
11!) A. G. Gaypow, Dissociation Energies pp. 219-234. Chapman & Hall, London (1953). 
12| Interatomic Distances. Special publication no. 11. Chemical Society, London (1958). 
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Ge, (4,2,2) 2-27 58-2 

Sn, (4,2,2) 0 2-52 47-3 

Pb, (4,2,2) 0 3-46 25-2 (16) 

B, (2, 2, 2) 0 1-69 1-59 50-1 69 11-5 (83) 

Al, 40,2) 0 D4 37-4 

Ga, (4, 0, 2) 0 87 29-4 

In, 402 21 23-5 

rl, (4,0,2) 0 15 14-0 

Be, (i, 0, 2) 0 OH 10-5 

Mg, (9.0.2) 0 84 6-3 

Ca, (1.0.2) 0 72 41 

sr (8. 0, 2) 0 ay 3-7 

Ba, 30 3-0 

Zn, (i, 0, 2) 0 40 8-0 6 6-2 

Cd, 0, 2) 0 61 | 2-1 2-1 

He, (2,0,2) 0 33 4-9 1-4 1-2 | 

Li, (2, 0, 0) | 33 2-67 25-2 249 25 + 12 23-7 

Na, (2, 0, 0) 0 10 3-078 16-8 16-6 17-3 0-7 16-8 ; 

K, (2,0,0) 0 69 3-92 11-9 11-7) (11-8 + 1-2 11-8 

Rb, (2, 0, 0) 0 |: 10-7 10-6 10-8 1-2 11-3 

Cs, (2, 0, 0) 36 8-5 10-4 0-9 10-4 


Delta-function model of chemical binding 


Substitution into (24) using (23) gives 
Aa = a,AR*/R 
or a= Rk, + a,AR?/R 


Equation (27) may be substituted into equations (18) and (19). The force constant 
can be calculated from 

a AE, 

= dk? 


i 


(28) 


where the sum is taken over all electrons or electron pairs. Equation (28) gives 


k, = (2a,/R, >| (¢,/A,) + aA f(e,/A,) —1}} (29) 


é 


Since the constant a, must be given by an empirical rule, and because the evaluation 
of the sums in (29) is somewhat lengthy, we have preferred to calculate k, by a 
different method, which has the advantage of giving a simple expression for the 
internuclear potential function. We will assume that a single delta-function 
strength value may be defined for which the multi-electron problem will be 
equivalent to a “super” one-electron problem. The same form for the wave- 
function, energy, and ¢ value are then obtained as for a one-electron problem. Thus 


E 2 (30a) 


resultant A exp ( al 'p)] (30b) 
For a = © one has 
0) = Ap = 20 )] (31) 
and 
AE, A exp (— Cpa) + (Az?/2)g? exp (—2aC p) (32) 
where Ap, g, Cp and AF, refer to the resultant delta-function strength, C-value, 
and binding energy, respectively. Substitution of (27) into (32) gives 
AE, = exp (—C,R,) exp (—C pa, A R?*/R) 
(A,,?/2) exp (—2C;,,R,) exp (—2C pa, A R*/R) (33) 
Since exp (—2C,R,) < exp(—C,,R,) for regions of interest one has as a good 
approximation 
AE, = D, exp (—C pa, A R?*/ R) (34) 
where D, = A,p*g*? exp (—CpR,) 
The coefficient A, is determined by the value of ), and R, calculated previously. 
Equation (34) has the characteristic of a typical internuclear potential function. 
In form it is the same as an empirical function which has been used successfully to 
correlate and predict the bond properties of a large number of bonds in diatomic 
and polyatomic molecules [13]: 
V D, exp (—n’ AR?/2R) (35) 
[13] E. R. J. Chem. Phys. 21, 2575 (1953); E. R. Liprrncorr and R. Scuroeper, /bid. 23, 


1131, 1099 (1955); J. Am. Chem. Soc. 78, 5171 (1956). 
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Comparison with (34) gives n’ = 2a,Cp. We have been unable to find an 
independent method of evaluating a, and consequently have resorted to an 
empirical method for its evaluation. We assume 


Ap, = (nN)"*A (36) 


where principal quantum number, 2 x column number in the 
periodic table or the number of electrons making contributions to the binding, and 
A is the individual electron delta-function strength as defined by equation (22). 

The only difference between (34) and the empirical function is that n was a 
constant in the latter while 2a,C,, is a slowly changing function of R. For the 
purposes of calculating frequencies and anharmonicities 2a,C, may be considered 
constant. We will use the value of Cp, for R =« namely Apg. The resulting 
error is smaller than those due to the assumptions of the model. 

It is of interest to compare the values of 2a,Cp(2a,A,,) obtained from (36) 
with the value of »’ for the empirical function obtained from spectroscopic data. 
The results are given in Table 5. 

By taking 

AE, d R?), (dA E/da ), (d*a/d R?), (37a) 
we obtain 


(dAE/da),(2a,/R,) = 2a,Ap,D,/R, (37b) 


It should be noted that the expression for (d*a/dR*), will always be of the 
form 2 = constant/R, regardless of the number of terms retained in the series 
expansions (24) and the values of the coefficients. Thus a very general expression 
yields the result for the force constant given in equation (37b). In either case an 
arbitrary constant must be included in the expression for (d*a/dR*),. 

By combining equation (37b) with the expression for the vibrational frequency 
of a diatomic molecule [«, (1/2nc)y (k,/u)| where uw is the reduced mass and ¢ 
the velocity of light, we obtain 

w (em!) = (38) 
The vibrational frequencies may be predicted by using in equation (38) the 
previously predicted values of A, D, and R,,. 

Before one can calculate the anharmonicities, x,,, we must use the inter- 

nuclear potential function (34) to solve the anharmonic oscillator problem. 


This has been done previously [9] with the result 


D, (ergs/molecule) = — 1/R,*) (39) 


l 


where again n’ = 2Ap, h = Planck’s constant and c = velocity of light. 
Equation (39) may be used to predict m,2, from previously predicted values 
of A, and 

An interesting property of the internuclear potential function (34) is the value 
which it predicts for the vibrational—rotational coupling constant, «,. From the 
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Table 5. Calculated frequencies, anharmonicities and 
potential-function parameters for homonuclear diatomic molecules* 


Molecule A n’ (cale)tt (obs)t o,§ (obs)t wx,** 


1-00 3: 3°7: 2290 2297 53-4 
1-00 5- 5-6 572 4395 
1-065 21-3 1106 892 
0-753 599 565 
0-663 76 335 323 
0-584 217 214-6 
0-421 6 99 . 
1-000 +f 73 1629 1580 
0-688 5-6 12-3 (16-3) 703°! 726 
0-617 : 17-1 (13-6) 388 391-8 
0-538 5: 245 251 
0-399 2: 118 - 
0-927 5. 2339 2359 
0-630 809 780-4 
0-564 3°! 448 429-4 
0-496 288 269-9 
0-365 125 172-7 
0-846 2. 2:1 1491 1641 
‘583 550 (750) 
536 46 310 
56 208 
‘352 9-2: 88 
‘758 801 
‘533 56 278 
146 
-422 96 
326 
439 
‘B58 
BOL 
“286 


0-255 


x 
«J 
or or 


351-4 
159-2 
92-6 
57°3 


42-0 0-078 


Sm to 
to te te te 


Frequencies and anharmonicities are in cm~' and n’ (2cz 2a,A,) values are in cm 

+ From a compilation of data given by Herzpera [10]. 

* Calculated from n’ 2a,Ar k.R,/ D, using observed values of k,, R, and D,. 

§ w, (em~') [2A(nN)'?D,/KuR,\* where R, and Agare in em, D, is in kcal/mole and K = 8-480 
1 keal/gram atom. 

** wx, (em!) = (n’ + 1/R,)/K’ where K’ 1-581 10" mole/g cm. 

+t n’ (em) 10-8, 


anharmonic—oscillator problem we obtain «, = 0 for all diatomic molecules 
(VARSHNI has erroneously reported «, as having a negative value for this function 
[14]). Although most «,’s are small, they are not zero. This defect is sometimes an 
advantage since it is convenient to have an internuclear potential function where 
the vibrational motion is independent of the rotational motion, as a first 
approximation. 


Calculation of bond properties 


Equilibrium bond lengths have been calculated from the condition (14), using 


[14] Y. P. Varsunt, Revs. Mod. Phys. 29, 664 (1957); also private communication. 
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4 (0b)! | 
H, 117-9 
cL. 
# Br, 1-14 
a 0-61 
. 
4 0. 2. 
a” 6 9.85 
Ss, 
Se 7 1-06 
T 6 0-55 
©2 
2 2-804 
5 1-12 
a Sb, 3 0-59 
299 
Bi, 2 0-322 
11-67 
Si, 
Ge, 
L Sn, 8 
6 I bs 
160 B, 9-4 
Al, 
Ga, 
2 
In, 
Tl, 2 
Li, 8 2-59 
q Na 2 0-73 
0-35 
0-96 
Rb, 
Cs, 3 34 0-08 
4 
4 
10! 
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the building-up principle and “coupling rule”. For a number of homonuclear 
diatomic molecules up to Br, these rules have been summarized in Table 3 in terms 
of the delta-function strength values. Thus for H, there is a single-electron 
contribution with delta-function strength A. For H, the contribution is that of a 
single-electron pair with strength 1/(2)A. For N,, the 2pc, electrons make a pair 
contribution of strength ./(2)A, the 2sc, electrons make an anti-bonding contri- 
bution of strength ,/(2)A. The 2se, electrons make two one-electron contributions 
each of strength A. The four 2pz, electrons make two binding contributions each 
with a strength ,(2)A. For Br, there are four one-electron contributions of 
strength A, two binding-pair contributions each of strength 1(2)A, and three 
anti-bonding contributions of strength 1 (2)A, corresponding to contributions 
from all electrons in the valence shell. The A-values have been calculated from 
equation (22) with the exception of the H,* and H, molecules. For these the 
A-values are calculated from the true separated atom energy /,,.. The individual 
binding contributions have been calculated from equation (19). SAE = D, has 
been taken in the same manner as }dAE/dg using the building-up principle and 
coupling rule summarized in Table 3. One should note that the anti-binding 
contribution of an electron pair with strength y (2)A*, is slightly greater than the 
binding contribution from a binding pair with strength y/(2)A. One should note 
also that two single-electron contributions with strengths (A, A) give a greater 
contribution to the binding energy than does a binding or anti-binding pair 
with strengths y/(2)A. 

The predicted equilibrium bond lengths and dissociation energies for a large 
number of homonuclear diatomic molecules are tabulated in Table 4 along with 
the experimental values for a comparison. 

The vibrational frequencies have been calculated using equation (38) along 
with the predicted D, and R, values and the resultant delta-function strength 
values A, from equation (31). The anharmonicities have been calculated from the 
predicted A, and R, values using equation (39). The predicted results are given 
in Table 5, along with the corresponding experimental values for a comparison. 

The predicted 24, * a, values have been compared with the corresponding 
experimental 24, * a, values calculated from the equation 


k R, nD, where n 


The H, and H,* molecules 
The method used for H, can be readily extended to a linear configuration of 
protons. Thus, for one electron moving on the line through the nuclei, we have 
the Schroedinger equation: 
e eo e 
—@ 0 a 
1 


2 dx* 


g(x — a) + d(x) + d(x + a)ly = Ey 


The solution is of the form 


A exp (—elx B exp (—elz|) + C exp (—elx 
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exp (—c|z\) 


exp (- ela a|) B| 
a) x 


a| 


+C exp (—elx 4 al) 


(x + 

Applying the delta-function condition 
y(P +e) —y'(P —e) + 2gy(P) = 0 (43) 
at the three points P, x —a, 0, +a we get three equations in A, BandC. In 


order to find a nontrivial solution one has: 


l : 2 
| exp (—ac) exp (—2ac) 
exp (—ac) - exp (—ac) 


exp (—2ac) exp (—ac) i — 


and solving 
c — exp (—2ac)] 


» » 


[ _ exp 2ac) exp (—ac) 2ae) 
Neglecting exp (—2ac) these latter roots become 
e =g\|l + exp (—ac)] 
If ¢ is of the form 
c = + Bexp (—Dac)] 
since E —c*/2 and AE = E,_, — E,.. 
dAR Bg exp (— Dac){2 — A Dag + B exp (—Dac)} 
dg l A B Dag exp (—acD) 
Applying the condition 
dAE 


dg 


summed over all filled orbitals of the molecule 


the equilibrium distance and ¢ values can be found and thence the energy 
computed from F sXc*. The first two attractive electrons are to be taken 
as coupled in a single super orbital with delta-function strength 4/(2)g. The results 
are shown in Table 6. 

Calculations have been made for the unsymmetrical linear and isoceles-triangle 
cases of H,. The binding energy seems to be monotonic, the symmetrical linear 
case being the one of lowest binding energy. For the triangular case the binding 
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energy decreases monotonically with distance, the symmetrical case being least 


stable 
For the triangular case, the one dimension x goes around 
“ the perimeter from 0 to 3a. The Schroedinger equation 


becomes: 


1 
gid(x) + da — a) + d(x — 2a)ly = Ey 


2 dx* 


lable 6. Calculated properties of the H, and H, molecules 


E (exp.) 


ik orc Nag Rt 
Expression for ¢ (keal/mole)§ 


0-967 


oss 


L414 


Owes 


[15] and 


and 


obtained bw other methods see Kiwpau 


We will assume that along a given side of the triangle the wave-function is a sum 
of atomic orbitals from the two closest nuclei. This is the method used by Frost. 
Then 


a A exp (—cx) B exp cla x)| 
a exp clr D exp | c(2a xr)| (40) 
r $a E exp e(2z )] F exp c(3a 


Applying continuity and delta-function conditions at the three nuclei, we get 
six linear equations in the six coefficients. The determinant of these is 


l exp a 0 0 exp (—ac) l 


ac) 


exp | 


exp 


15) G. E. Koweatt and J. G. Tavis, J. Chem, Phys 28, 403 (1958). 
16) J. 0. Himscurecpegsr, C. F. Curtis and R. B. Brap, Molecular Theory of Gases and Liquids pp 1079 
1095. John Wiley, New York (1054 


5 
(elf l \- 4 93 a6 103 
H, linear exp (—a 1-653 
‘ ae) 35 762 26: 
H,* triangular 2 exp 135 0-762 263 
1 2 exp ac) 
2 exp 0-005 2-75 3 4 
- 
| 
Hinscurecprr al, (16 
| 
0 0 exp (—ac) (29 ¢) —ac)(2¢9 
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Solving this, we obtain three nontrivial roots 


1 + exp (—ac) 
|~ + 2exp (—ac) + 2 exp (—2ac) 
exp | ac) | 


2) and (3) [1 — exp (—2ac)] 
exp ( ac) exp ( 2ac) 


= I exp (—ac) — exp (—2ac) 


The first two attractive electrons are taken as coupled in a single super-orbital 
with delta-function strength 1/(2)g. The equilibrium distance and the energy are 
found as in the linear case. 


Heteronuclear molecules 

Heteronuclear systems should be handled by solving the delta-function 
Schroedinger equation for the unlike nuclei with the correspondingly different 
delta-function strengths. As a method of avoiding this procedure here and still to 
obtain reasonable results, we will treat heternuclear molecules as being pseudo- 
homonuclear molecules. This may be accomplished by defining a single-electron 
delta-function strength, Ag, which is the geometric mean of those for the 
corresponding atoms making up the molecule. Thus for molecule M—M’, one has 


A yw \ (Ay, Aw.) (51) 


where A yy, Ay, and Ay are the delta-function strengths for a single electron in 
the molecules M—M’, M, and M’,, respectively. The bond properties are then 


calculated as for homonuclear molecules using the same building-up principle and 
coupling rule. In cases where odd electrons are present the corresponding AF 
and dAE/dg values are added in as electron contributions (either binding or 
anti-binding) of the same type as for the homonuclear molecule. In a number of 
cases it is possible to consider a heteronuclear molecule as isoelectronic with a 
homonuclear molecule. 

This procedure is likely to give good results for molecules which are isoelectronic 
with homonuclear molecules and for ones which are almost homonuclear. For 
hydride molecules this pseudo-homonuclear treatment is clearly a rather drastic 
approximation and much poorer results should be obtained. Because of this, the 
hydride molecules will be discussed in a separate section. The predicted results 
for the heteronuclear molecules are given in Tables 7 and 8. 


Diatomic hydrides 

Since an adequate model has not been formulated to describe the properties 
of heteronuclear molecules, we must make some assumptions which will enable us 
to treat them as pseudo-homonuclear molecules. The main problem may be 
illustrated by a consideration of HF. It is clear that the 1s-electron of H and 
the 2p-electron of F make large contributions to the binding energy. It is difficult 
to estimate the proper contribution of the remaining six valence electrons of the F 
atom to the binding energy. To a first approximation their net contribution is 
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Table 7. Calculated bond lengths and dissociation energies 


for heteronuclear diatomic molecules 


Molecule R R. (obs) dD, D, (obs)* D, (obs)* 
ci 4, 4.6 0-663 3-24 2-320 44-8 44-5 40-6 49-6 
Brl 4.4.6 0-623 30-6 30-2 41 41-9 
CIF 5.6 1-06 1-625 63-0 62-8 60-3 

Brk 3.5.6 1-77 1-767 56-3 55-3 
5.6 180 40-6 48-7 45-6 

4.4.5 753 1-83 1-801 75-6 74-7 97 (101) 

so 3. 5,4 S28 1-54 1-493 102-0 100-4 119-5 

3. 5, 4 1-63 23 (124) 

an j62-0 
TeO 3.5.4 0-732 174 78:1 62-5 179-5 
3. 5.2 O-764 1-41 1-510 164-3 162-6 166 9-2 (170) 

3.5.3 1-47 1-65 150-2 148-8 35 (159) 
O-605 1-55 1-837 135-5 134°3 27 (120) 
3 6.3 1-022 Os-6 ay 7 (an) 
3.5.2 0-764 1-41 1-401 163-5 161-6 138 18-8 (145) 
(3,5, 2 1-42 1-534 163-0 161-2 166 23 (180) 
3, 5.2 723 1-40 146-5 145-0 115 23 (149) 
4.4.2 0-63 1-77 1-028 117-2 147 9-2 (152) 
4.4.2 0-608 1-85 130 30 (120) 
4.4.2 O-576 1-05 “7-3 60-5 
4.4.2 0-491 2-28 2-304 71-4 70-8 78 70 (108) 


3 3: 1-281 

2.6.3 1-000 1-13 1-123 5-6 2-3 149 
1-151 72-0 160-4 150 1-2 
l 


1-08 § 185-6 201-3 


NO > 6.3 0-063 


172 160-6 173-2 187 70 


SSO 


2, 5,2 1-23 1-205 163-1 5 
CO 3, 5,2 0-919 1-16 1115 182-4 184-3 O5 
NS 3. 5.3 0-708 1-47 130-8 120-1 115 23 
Sil 3, 5,3 1-40 1-603 127-2 126-0 SS 9-2 (111) 
PO 3.5.3 1-48 1-448 120-1 127-4 143 11-5 (143) 
Ast) 3.5.3 752 1-56 116-5 114°3 113 2-3 115 
Shi) 3.3.3 o-703 1-67 74 9-2 
3,4,2 0-763 1-47 1-504 133-8 
CP a, 4, 2 1-54 1-562 123-0 121-3 138 23 (15%) 
SiN a, 4 O-735 1-53 1-571 25-5 lo4 (104) 
Nak 2.0.0 O-328 3-38 14-1 14-0 14:3 O-7 14:3 
3-47 13-4 13-3 13-1 ov (13-1) 
12 wo 


o.0 


(2.0.0 0-334 3-3: 14-6 
LiRb 2,0, 0) 0-354 3:14 16-3 


* Equilibrium bond lengths and dissociation energies from a compilation by HERZBERG 10}, 


+ Dissociation energies from a compilation by Gaypow {11}. 
+ The bond lengths are given m angstrom units and dissociation energies in kcal/mole. 


V ‘ L 
| 
6? 13 12s 227-0 256 221 ] 6 
0. @ : 56-1 
BF (2? 6.2 0-807 1-15 1-262 216-5 214-5 196 11-5 
BN (2 
0, 
146 
N 2, 5,2 0-025 1-15 201 
KRb 2, — 0-293 3-79 11-3 
= 
a 
824 
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Table 8. Calculated frequencies, anharmonicities and potential-function parameters 
for heteronuclear diatomic molecules* 


(= 2eg)*T 


n’(obs)* (obs)t 
(cale.) 


Molecule 


18-65 (430) 
cu 18-5 ( 384 
BrI 18-65 27: 268 
140-85 5 793 
BrF 20-00 707 672 

19-86 

18-5 = 645 

17-0 1124 

17-3 O07 

17-1 

14:13 

14-56 

14-63 

13-06 


is 


1400 
1514 
1876 
1004 
2069 


aS 


l 
l 
] 
l 


15-66 927 
14-14 1276 
12-04 . 1385 
110 


LiRb 


* Frequencies and anharmonicities are in em~! and n’ (2cg= 2a,4g) values are in em 
(em!) = 2eg/0-529 10-8, 

+ Calculated using the geometric mean rule. 

* Calculated from n’ k.R./D, using observed values of k,, R, and D,. 

§w,em~ (n’D ./KuR,)'* where R, and Agare in cm units, D, is in keal/mole and K = 8-48 
kcal/mole. 

** w (n’ 1/R,)/K’uR,, where K’ 1-581 10" mole/g em. 

+t From a compilation of data given by Herzsere {10}. 


Ag, 
= 
2-33 
1-93 1-46 
1-03 0-78 
6-26 9-9 
4-87 3- 
4-11 
3-71 2-90 
6-79 6-12 
5-23 4-61 
4-47 3-50 
6-51 6-05 
4-91 4°30 
4-40 3-73 
3-18 3-70 
i NP 14°31 (15-0) 1422 1337 6-96 6-98 
= SiN 13-01 13-7 1167 1152 6-56 
= cs 14-13 (11-2) 1473 1285 1-58 6-5 
AsN 14-55 1195 1068 “45 5-36 
Sis 12-08 822 749 22 D6 
Ges 13-36 643 576 14 80 ; 
4 SnsS 13-44 15-0 560 488 79 34 
Pbs 11-99 308 428 24 20 
co 15-4 14-4 2401 2170 3 19-46 
BF 14-55 2257 3 ifs 
BN 12-48 1408 0-1 18-3 
6 O,* 18-5 17-8 293 
60 NO 17-02 17-3 2068 18-99 
CN 14-15 14-4 2024 
N,? 15-67 15-8 2183 2207 
“4 BO 13-56 1922 1885 11-8 
CO 15-40 2154 2214 15-16 
~4 NS 15-63 1433 1220 0 7°75 
a4 SiF 15-16 1205 875 4-7 
J PO 15-55 13-6 1279 1231 yi 6-52 
7 AsO 967 5-06 5-3 
SbO S17 4°36 5°30 
4 SiO* (R51) 6-26 
cP 1240 8-15 6-86 
Nak 123 0-46 0-40 
NaRb 3°37 |_| 107 0-37 0-45 
NaCs 3-33 84 (98) 0-32 
NaLi 3°32 242 1-55 
2 KLi 3-27 201 (207) 1-26 
KRb 3°32 0-22 
KCs 3-28 59 
ane RbCs 3°38 44 49-4 O11 
LiCs 3°33 156 (167) 
3-37 186 (185) 1-16 
n’ 
= 825 
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small. As a tentative assumption we will assume that hydride molecules can be 
treated as a two-electron bond system and that any additional electrons in the 
molecule may be considered as making a zero contribution. The values of dAE/dg 
and AE are then computed in the usual manner using the geometric mean rule 


A wn V (AyAm) 


As with homonuclear molecules the type of electron contributions is determined 
by the number of circular nodes which cut the internuclear axis. For hydrides 
with principal quantum number equal to 2, there are two types of contributions 
as indicated in Table 9. The vibrational frequency and anharmonicity are 
calculated in the same manner as given previously. The predicted results for a 
number of hydrides are given in Tables 9 and 10. 


Bonds of polyatomic molecules 


Homon ucl ar bonds 


In order to investigate the application of the proposed model to polyatomic 
molecules we have made calculations of the properties of some bonds in polyatomic 
molecules by assuming that a given bond is essentially independent of the other 


bonds of the same molecule. However, before such calculations can be made, 
one must have a rule for determining the electron type (a, f, y) ofa 
given bond and a rule for determining the delta-function strength values for the 
atoms in the bond of the polyatomic molecule. The electron type (, /, y) may 
not be the same as that of a similar bond of a diatomic molecule simply because 
some of the electrons about atoms M, or M, for the bond M,—M, may be involved 
in bond formation to other atoms. The delta-function strength values for atom M, 
or M, may differ from the corresponding values for a diatomic bond M,—M, 
because atoms M, and M, will have different valence-state potentials, depending 
on the type of bonding involved. 

Reasonable results have been obtained by using the following rules: 

(1) Each atom contributes the same number of z-electrons for the type 
(x, 8, y) as it does for the diatomic molecule of the two atoms making up the bond. 
The remaining number of f- and y-electrons are determined as given by the rules 
below, such that the correct bond order is obtained. 

(2) Except for (1) above, electrons which are involved in bond formation to 
other atoms connected to M, or M, make no contribution to the binding for 
the bond M, and M,. 

(3) Pairs of electrons on atom M which are not directly involved in other bond 
formation make a contribution to the bond only when a similar pair or pairs are 
present on the other atom of the bond or when the other atom has unfilled p- or 
d-orbitals available for bond formation. In the latter case the bond order will be 
increased by one unit. 

(4) After consideration of (1), (2) and (3) above, the electron type is determined 
by the same procedure as for diatomic molecules and the bond properties are 
calculated by the same methods. 

(5) The delta-function strength A for a bond of a polyatomic molecule is 
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Table 9. Calculated bond lengths and dissociation energies for diatomic hydride molecules* 
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Molecule 


HF 
HCl 
HCI* 
HBr 
HBrt 
HI 
HAt 
OH 
OH* 
SH 
SeH 
TeH 
PoH 
NH 
PH 
AsH 
SbH. 
BiH 
CH 
CH* 
SiH 
GeH 
SnH 
PbH 
BH 
AIH 
GaH 
InH 
TIH 
BeH 
MgH 
CaH 
SrH 
BaH 
LiH 
NaH 
KH 
RbH 
CsH 


to bo to tO = bo to ts 


0, 
0, 
0, 
0, 
0, 
0, 


0, 
0, 
0, 
0, 


Type 


(1, 1, 0) 


0) 
0) 
0) 
0) 
0) 
0) 
0) 
0) 


, 0) 


0) 
0) 
0) 
0) 
0) 
0) 
0) 
0) 
0) 


, 0) 


0) 
0) 
0) 
0) 
0) 
0) 
0) 
0) 
0) 


9) 


0) 
0) 


, 0) 
, 0) 
, 0) 


0) 
0) 
0) 
0) 


1-032 
0-868 
0-868 
0-814 
0-814 
0-764 
0-649 
1-000 
1-000 
0-829 
0-785 
0-733 
0-632 
0-963 
0-794 
0-751 
0-704 
0-604 
0-920 
0-920 
0-763 
0-732 
0-695 
0-593 
O-871 
0-730 
0-687 
0-650 
0-571 


0-644 
0-580 
0-565 
0-537 
0-661 
0-598 
0-549 
0-535 
0-505 


2-07 
‘49 
86 
2.02 
2-08 
20 


R, (obs) 


0-917 
1-275 
1-315 
1-413 
1-459 
1-604 


0-971 
1-029 
1-350 


1-038 
1-429 


“809 
-120 
‘131 
“520 
‘786 
‘84 

-232 


‘646 


1-838 
1-870 
1-343 
1-731 
2-002 
2-145 
2-232 
1-595 
1-887 
2-244 


2-367 
» 


+ Dissociation energies from a compilation by GAYDON 
* Equilibrium bond lengths and dissociation energies from a compilation by HERZBERG 


§ Reference [12]. 


calculated from the corresponding A-value for a diatomic molecule by me 
the following rule 


> 


A 


bond 


* 
D, 


132-3 
98- 
98- 
86- 


8 
8 
9 


> 


to 


Do (obs)* 


134 4-6 
102-1 
104 4-2 
86-4 
79 + 4-6 
70-4 
103 4-6 

101 
89 + 4-6 
85 1] 
58 6-9 

80-0 
83 4-6 
<74 
41 4-6 
69 9-2 
67 + 4-6 
58 2-3 
46 4-6 
53 6-9 
46 1] 

39-2 

38-0 9.3 

41 2-3 
58 4-6 
47 4-6 
43 3°9 
39 4-6 
41 6-9 


(obs)t 


147 

102-1 

103 
86-4 
81 
70-4 


100-1 
101-3 


87-5 
(88) 


(62) 
80-0 
83 


* The bond lengths are given in angstrom units and dissociation energies in kcal/mole. 


A diatomic » (1 0-20/(” — 


bond 


ans of 


(52) 


where » is the principal quantum number. We originally tried to use the relation 
A?® (polyatomic) = A® (diatomic) J (radical)/J (atom) where J (radical) is the 


827 


0-95 126-0 
| (2, 93 
(2, | 1-36 | 83 
(2, 1-36 86-9 83 
(2, (145 | 76-6 73 
(2, 55-2 52 
0-98 123-8 117 
(2, Om 1-34 90-2 86 
(2, 0, 1-41 +t 77 
(2, 0, 1-52 . 70-0 67-0 
- (2, 0, 1-76 — 52-3 49 
(1, 1, 1-02 114-3 
(2, 0, 1-40 82-0 78-0 
(2, 0, 1-48 . 73-4 70-3 
(2, 0, 1-58 . 65-0 62-2 -— 
(2, 0, 1-84 ] 47-8 45-6 : 
1-07 l 104-5 101-1 
(1, 107 | 1 104-5 101-1 
(2, 0, 1-46 75-9 72-8 
Le (2, 0, 159 70-3 67-4 . 
(2, 0, 160 1 63-3 60-6 74 
360 (2, 0, 1-87 l 46-1 44-0 < 36-6 
1-13 l 93-6 8 <8] 
(2, 0, 1-52 69-9 6 <70-4 
(2, 0, 1-62 61-9 5 
(2, 0, 1-71 55-3 <57 
(2, 0, 1-95 42-7 } 50 
(1, 0-732 1-34 66-2 65 (51) 
(2, 0, 1-73 54-4 5 57 
( 1-91 44-2 4 39-2 
| 1-97 41-6 40-0 39 
a 37-8 36: 12 
| 53-8 (57-5) 
a 46-9 45-3 (51) 
39-5 38:1 42:8 
a 37-5 36-1 (44) 
a = 33-4 32-1 (44) 
jae 0}. 
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Table 10. Calculated frequencies and anharmonicities for diatomic hydride molecules* 


Molecule | (= (cale)+ n (obs)t w,§ ow, (obs)*t wx, (obs) tT 


HF 10-65 9-52 4290 4138 82-4 90-0 
HCl 9-93 8-89 3050 2990 54-4 52-0 
Hcr 9-93 3050 2675 54-4 53-5 
HBr 10-02 9-27 2765 2650 50-5 45-2 
HBr* 10-02 2765 50-5 

HI 9-94 9-83 2500 2309 46-6 39-7 
HAt 8-85 1840 35-0 

OH 9-94 10-3 3965 3735 66-4 82-8 
OH* 9-94 3965 (2955) 66-4 

SH 9-11 2735 47-9 

SeH 9-30 2520 45-4 

TeH 9-15 2250 41-3 

PoH 8-28 1710 32-3 

NH 9-15 (9-7) 3605 3300 67-4 

PH 8°35 2450 (2380) 42-3 

AsH 8-47 2250 39-6 

SbH 8-43 2035 36-7 

BiH 7-56 (7-6) 1525 1699 27-9 31-6 
CH 8-28 8-59 3220 2861 591 64:3 
CH" 8-28 3220 2739 59-1 

SiH 7-60 2210 (2080) 37-3 

GeH 7-82 2085 35-8 

SnH 7-86 1925 (1580) 33-8 

PbH 7-03 1435 1564 25-7 29-7 
BH 7-28 2795 (2366) 50-1 (49) 
AIH 6-77 5-8 1950 1683 32-0 29-1 
GaH 6-80 1765 29-5 

InH 6-80 57 1620 1475 27-5 24-7 
TIH 6-27 (6-4) 1280 1391 22-1 22-7 
BeH 5-56 78 1905 2059 33-0 35-5 
MecH 5-37 (6-3) 1445 1496 22-8 31-5 
CaH 5-22 6-9 1210 1269 19-4 19-5 
SrH 5-37 6-7 1165 1206 19-0 17-0 
BaH 5-33 6-1 1075 1172 17-9 16 
LiH 4-20 39 1430 1406 23-7 23-2 
NaH 4-21 4-2 1145 1172 16-9 19-7 
KH 4-15 4-1 990 O85 14-9 14-6 
RbH 4-28 4:3 960 937 14-7 14-1 
CsH 4-22 4-0 875 gol 13-5 12-6 


* Frequencies and anharmonicities are in cm 1 and n’ values are in em=! 10°. 
n’ (en 2e 2/0529 

+ Calculated using the geometric mean rule 

* Calculated from n 2Ap = k.R,/D, using observed values of k,, R, and D,. 

Sm (n’D./KuR,)? where R, and n’ are in cm units, D, is in kcal/mole and K 8-480 10" 
keal/mole 


wx, (em-*) (n 1/R,)/K'u R, where K’ 1-581 mole/g em. 
++ From a compilation of data given by HERZBERG [| 10}, 


radical ionization potential for the radical into which the bond dissociates and 

I (atom) is the corresponding atomic ionization potential. The ratio J (radical)/J 
] 

(atom) would give a crude correction for the effect of the different valence-state 
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potentials of the atom M in the bond of the polyatomic molecule from its value 
in the diatomic bond. Since only a limited number of J (radical) values were 
available and because the correction is rather small, we have used the empirical 
relation given in equation (52). Except for bonds containing carbon and possibly 
nitrogen and oxygen, the delta-function strength values needed for bonds of 
polyatomic molecules are almost the same as the corresponding delta-function 


strength values for bonds of diatomic molecules. 
These rules are arbitrary but clearly some assumptions are necessary if we are 
to use such a simple model for the calculation of properties of bonds in polyatomic 


molecules. 
To illustrate the method we will apply it to a number of homonuclear bonds of 
polyatomic molecules. The predicted results are summarized in Table 9, along 


with the electron types used in the calculations. 
C—C single bond. The C—C bond in ethane would require contributions 
from two o-electrons each with delta-function strength value A, given by 


equation (52). 

C=C double bond. The C=C bond in ethylene requires a contribution from 
four electrons. The two o-electrons again give separate contributions corresponding 
to delta-function strength A, while the pair of z-electrons give a contribution 
of 4/(2)A. 

C=C triple bond. The C=C bond in acetylene requires contributions from 
six electrons. The two o-electrons again give two one-electron contributions with 
a delta-function strength A. The four electrons give two pair contributions each 
of delta-function strength 4/(2)A. 

O—O single bond. The O—O bond in hydrogen peroxide requires contributions 


from ten electrons (—O : O—). The two o-electrons of the bond each give a 


binding contribution with delta-function strength, A. There are two more binding 
contributions from two pairs of electrons with delta-function strengths 4/(2)A 
and two additional antibinding contributions from two pairs of electrons with 


delta-function strengths ./(2)A*. 

S—S single bond. The contribution to the single bond in H,S, would be 
similar to the contributions for 8, with the exception that there would be two 
less binding contributions with delta-function strength 14/A. There would be 
four binding contributions with delta-function strength A, one binding contri- 
bution with strength 4/(2)A, and two anti-binding contributions with strength 
4 (2)A*. 

Si—Si single bond. According to rule (1) above each Si atom must contribute 
two electrons each with delta-function strength A. To give the correct bond 
order there must be an additional antibonding contribution corresponding to a 


delta-function strength of 4 (2)A* making the electron type (4, 0, 2). 


Heteronuclear bonds in polyatomic molecules 

Heteronuclear bonds in polyatomic molecules may be assumed pseudo- 
homonuclear and treated by the same method as were similar bonds of polyatomic 
molecules. Thus if one electron of a pair originated with atom M, and the other 
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from atom M,, for the bond M,—M, the delta-function strength for each electron 
may be taken from the geometric mean rule 


Ayu, = V(AuAm,) 


For example, the C—I bond in CH,I would require the following contributions: 
two one-electron contributions from the I atom and one one-electron contribution 
from the C atom, each with delta-function strength values defined by A, 
\/(A.A,). To give the correct bond order, an additional contribution with delta- 
function value \/(2)A* is necessary giving an electron type of (3, 0, 1). For Si—Br 
in H.SiBr there are the following contributions: two one-electron contributions 
of strength A,,,, and one electron giving a repulsive contribution of strength 
\/(2)Ag)p, from the Si and two one-electron contributions of strength A, three of 
strength ,/(2)A and two of strength ./(2)A* from the Br giving type (4, 3, 3). 
It has been found necessary to thus increase the bond order when d-orbitals are 
available to electrons not involved in bonding for this model to approximate the 
high energies of these bonds. 

The electron types and predicted results for a number of heteronuclear bonds 
are given in Table 11. 


Hydride bon ds 


The calculations for hydride bonds in polyatomic molecules have been 


calculated by the same method as used for diatomic molecules using the slightly 
different delta-function strength values from equation (52) and the geometric 


mean rule. Some results are given in Table 11. 


Discussion 


A study of the predicted bond properties for diatomic molecules given in the 


tables shows that the proposed semi-empirical model is fairly successful in pre- 
dicting both bond lengths and dissociation energies. For homonuclear molecules 
the average error for bond length is near 3 per cent while for dissociation energies 
the error is near 4 per cent. Since the heteronuclear and hydride molecules have 
been treated as pseudo-homonuclear it is understandable that the results for these 
molecules are not as good as for the strictly homonuclear molecules. A convenient 
property of the model is that for most molecules the correct relationship between 
equilibrium bond length and dissociation energy is obtained. Thus if the correct 
bond length is predicted the corresponding predicted dissociation energies are 
usually fairly close to the true dissociation energy. This has made it fairly easy 
to find an empirical rule for the delta-function strength values as a function of 
electronegativities and the periodicity of atoms in the periodic table which would 
give both reasonable bond lengths and dissociation energies. It is unfortunate that 
we have been unable to find a method of computing the delta-function strengths 
on a more fundamental basis. It should be noted that a completely empirical 
expression can be formulated for A based only on periodicity which gives almost 
as good results. 

A second convenient property of the model is that it enables one to obtain a 
simple analytic form as an expression for an internuclear potential function. 
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Table 11. Calculated properties for bonds in polyatomic molecules* 


tw 


t 


to te te 


606 
569 
743 
625 
5S7 
549 
-710 
597 
560 


‘Dew 


‘797 


te 


bo to te 


— bo to to to 


to te 


R, 
(cale) 
47 


“30 


26 


R, D Dy, E (obs 


(obs)t (cale)* (obs) bond energy)§ 


1-541 75-0 | 80 + 68§*** pote | 
1-337 141 < 16288 139-97 
{ 230TTT 
1-204 212 | < 18788 191-3 
SSS 
1-48 53 53§§*** 33-1tt 
1-46 59 | 60 + 48§ 60-0+F 
114 
2-04 49 50-3tF 
2-21 48 47-9TT 
2:35 41 51-3t tt 44-077 
2-32 41 41** 
2-49 40 34-5t Tt 
2-45 36 34t tT 39-27 
2-81 30 
50 16 
1-427 so 88-5tt 
1-23 167 168-677 
1-47 82 80+ tt 83-1t+4 
155 
1-153 233 212-5tt 
1-815 62 73-2ttT 66-844 
129 
1-865 53 
1-87 57 
1-323 106 101-77++ 
1-766 72 (74)8§ 78-3TT 
1-042 64 66-8tt 
2-135 56 588s 59-7tT 
51:3 
2-143 45 
32 
1-42 73 
1-36 79 
1-56 67 66** 
1-64 106 102-9774 
1-561 111 132-77 T 
2-03 85 87-4T 
2-17 75 70-44 t 
2-43 65 
1-68 104 
2-08 79 81** 
2-297 70 66** 
61 51** 
95 
2-33 72 7733 
2-46 64 6527 
2-69 56 
1-54 103 


Bond of 
A 
molecule 
H,C—CH, (2.0.0) | 0-757 
H,C—CH, (2,2,0) 0-757 | | 
HC==CH (2, 4,0) | 0-757 | 1-22 | 
HO—OH (2.4.4) 0-894) 158 | 
big H,N—NH, (2,2, 2) 0-830) 1-56 | 
HN—NH (2,4, 2) 0-830) 1-37 
S—S(S,) (4, 2,4) 0652) #18 
P—P(P,) (4,0, 2) 0-597 
Si—Si (single) | (4,0, 2) 0-553 | 9-44 
Se—Se (single) (4, 2,4) 0-597 ‘38 | 
4 As—As (single) | (4,0, 2) | 0-545 | 2-48 
Ge—Ge (single) | (4, 0,2) 0-518 “60 
Sn—Sn (single) (4, 0,2) 0-473 85 
Pb—Pb (single) | (4, 0,2) ‘91 
7 H,C OH (2.0.0) 0-823 35 
H,Cc—O (2,2,0) 0-823) 9-19 
H,C-—-NH, (2,0, 0) 0-791 “40 
Lie R,C==NH (2, 2, 0) | 0-792 ‘24 
16 HC=N (2, 4,0) 0-792 | 
CH,S—CH, (3,0,)) 0-701 ‘81 
R,C=S (3,1, 0) 0-701 -48 
C—Si (single) (3.0.1) 0-646 ‘95 
C—P (single) (3,0, 1) 0-673 ‘SS 
H,C (2,0, 0) 0-898 -24 
H,C —Cl (3. 0. 1) | 0-753 ‘68 
H,C Br (3.0, 1) 0-708 “SO 
H,C (3,0. 1) 0-663 91 
Ge (single) (3.0. 1) 0-624 03 
C—Sn (single) (3,0, 1) 0-596 ‘13 
C— Pb (single) (3,0, 1) 0-510 
B—N (single) (2,0,9) 0-750 -48 
B—O (single) (2,0,9) 0-779 -42 
B—C (single) (2,0,9) O-716 
Si—O (single) (3,2, 1) 0-704 ‘59 
Si-—F (3,3, 8) 0-764 54 
(4,2, 2) 0-646 8Y 
if Si—Br (4, 2, 2) | 0 Ol 
Si—I (4,2,9) 0 ‘15 
Ge—F (3, 3, <) | 9 
Ge— Cl (4, 2,2) 0 96 
Ge—Br (4, 2,2) 08 
Ge—I (4, 2, 2) | 0 23 
Sn—F (3,3,) 0 66 
Sn—Cl (4,2,f) 0 ‘O04 
Sn—Br (4,2,) 0 18 
Sn—I (4,2,§) 2.33 
p—F (3,4,8) 1-54 
: 
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Table 11—(contd.) 


R, R D Dz E (obs 


feale) (obs)* (calc)? (obs) bond energy)§ 


Bond of 


mole« ule 


4.3.3) 0-670 1-88 2-03 83 78-5tt 
P—Br 4,3,3 0-628 2-01 73 63-97 t 
p—-] (4,3,3) 0590 2-14 64 44** 
As—F (3.4.3) 0-761 1-62 1-712 94 111-2*+* 
As—Cl 4.3.3) 0640 1-97 2-161 76 73-2tt 
As—Br (4,3,3) 0-600 2-10 2-33 67 58-4tt 
As—] (4 3) 0-563 2-24 2-54 59 43** 
Sb—F (3 3) 0-719 1-72 s4 


: 567 2 

Sb—I 3) 0-532 2-37 52 

Bi—Cl (4, 3) 0-519 2-43 67** 
HO—H 11,0) 0946 0-958 110 118 1§§t+tt 
Hs —H 2.0.0) O807 1°37 1-346 85 81-1tt 
Hse H 2,0,0) 0772 1-44 78 66-0t+ 
HTe—H (2,0,0) 0-72 1-53 6s 57-4¢¢ 
HN H (1.1.0 0-911 1-06 1-008 103 104 288+ +t S8-07F 
H,P—H (2,0,0) 144 1417 78 76-4++ 
H.As H (2.0.0) 1-51 1-519 71 58-6tt 
H.Sb H 2 0.0) 0-604 1-60 1-708 63 

20,0) 0-597 186 1-809 46 

(11,0) O870 112 1091 94 ol 4) 97-1¢+ 
H,Si—H 20,0) 0743 1-49 1-480 72 77-8tt 
H,Ge—H 2,0,0) O719 154 1-529 68 

H,Sn—H 2. 0,0) O-688 1-61 62 

H,Pb—H 2,0,0) 189 45 


wiation energies, D, and bond energies, EZ, are in kcal/mole, while bond lengths are in ang- 


+ The observed bond lengths are from a tabulation given by reference [12)}. 

> The leulated dissociation energies, D, have not been corrected for zero-point energy. 

S The bond energies reported for bonds involving « arbon compounds are based on the high heat of 
sublimation of rbon, J 172 keal/mok 

** From a tabulation of bond energies by Corrrett [17 

++ From a tabulation of bond energies by Orrrermatrt (18). 

** From a tabulation of bond energies by Hvectys [8 

$$ From a tabulation of bond dissociation energies by SZWAR 19), 


and Liv | 20). 
++* CoTTREL. [17 


The form of such a function is dependent on the form of the shifting function used 
for the delta-function spacing. After satisfying certain necessary conditions for 
this shifting function there is still some flexibility possible for its form. Thus 
there are a number of families of functions which can be used to determine the 
internuclear potential function and which are still consistent with the predicted 
bond length and dissociation energy. This has resulted in the necessity of 
evaluating an additional parameter empirically. We have chosen our shifting 
17) T. L. Corrrett, Strength of Chemical Bonds pp. 239-261, Academic Press, New York (1954). 


18) W. F. Orrrermatt, Tables of Bond and Resonance Energies. Thesis, CIT, Pasadena, California. 


19) M. Szwarc, Chem. Revs. 47, 75 (1950 
A. Gurievtre and I. D. Liv, J. Am. Chem. Soc. 77, G477 (1955). 
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Delta-function model of chemical binding 


function such that it gives a simple form for the internuclear potential functions, 
as well as one which is known to correlate bond properties successfully [13]. 

Since this model is semi-empirical in nature, it is reasonable to ask if the 
predicted results represent any improvement over a strictly empirical approach to 
the correlation of bond properties. There are large numbers of empirical rules 
which are known to correlate various bond properties. Usually they are restricted 
to certain specified classes of molecules such as ones defined by certain rows and 
columns of the periodic table and they usually require the use of one or more 
pieces of experimental information to calculate another property as well as some 


Table 12. Reduced values for bond lengths and energies for various electron types 


Type* RA (A) AE/A? (keal) Type RA (A) AE/ A? (keal) 
0-79 131 3, 2, , 216 
l 37 3, 3, 2 189 
11 131 3, 4, 3 “Li 234 
“35 i7 163 
d : 282 
206 
149 
80 
166 
204 
115 
187 
300 
134 
102 


» 
» 
3. 
3, 


~ 


& & fo te 
bo 


‘13 
24 


tx 


a> bo te 


O5 


* For the type (na, nf, ny) the value for RA is the same as for the type (a, /, 7) while the energy is 
increased by a factor n. 


empirically evaluated parameters. The only relations which do not require 
empirical parameters are usually ones derived from simple empirical internuclear 
potential functions such as the Morse function or the one used by one of the 
present writers, previously on an empirical basis. For example, the Morse function 
gives as the expression for the dissociation energy 


Dd, 


To evaluate ), one must use both frequencies and anharmonicities. However, the 
predicted results have an accuracy of only about 25 per cent [13]. Since the 
proposed semi-empirical model makes use of only electronegativities through an 
empirical rule and is applicable to a wide range of bond types, it would seem to 
have a number of advantages over a strictly empirical approach. 

The electron types and method used for the bonds of polyatomic molecules 
are necessarily more arbitrary but seem to show that useful results may be 


obtained. 
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Appendix 


It is possible further to shorten the work of computing bond lengths and 
energies. Each bond can be assigned a type (a, f, vy) where « is the number of 
attractive electrons of strength Ag, § is the number to be paired in orbitals of 
strength \/(2)Ag, and y is the number of repulsive electrons to be paired in orbitals 
of strength ,/(2)A*g. At the equilibrium aA, for type («, 8, y) this condition 
becomes: 


1 dAE 1 dAE 1 dAE 


“\2A? dg ) aA 
Using Table 1 this can readily be solved to give Aa, and the energy can then be 
readily obtained from the same table. 


The reduced atomic distances and bond energies for many molecular types are 
shown in Table 12. If the bond type and a are known AE can be computed, or 
if the bond type and AE are known a and thus R, can be computed without 
knowing the molecular constant A. If A is known, the interatomic distances 
and the binding energy are quickly found. 
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High-resolution hydrogen magnetic resonance spectra of some 
cyclohexane compounds—Qualitative aspects* 


J. 1. MusHer 


Mallinckrodt Chemical Laboratories, Harvard University 


Abstract—The high-resolution nuclear magnetic resonance spectra of the dimethyleyclohexanes 
have been measured and discussed in relation to their conformations. 


Introduction 

THE high-resolution nuclear magnetic resonance spectra of some cyclohexane 
derivatives have been studied and a generally qualitative picture of these studies 
is to be presented here. There are many additional compounds at present being 
examined and their qualitative aspects as well as a more theoretical approach to 
the problem of the conformational spin-spin anomaly (to be discussed below) 
will be reserved for a future paper. This paper will be limited therefore to a 
discussion of the spectra of the cis- and trans-isomers of 1:2-, 1:3- and 1:4-dimethyl- 
cyclohexane and a few observations on additional compounds. 


Experimental 

The spectra were made on a Varian 40 Mc/s spectrometer at room temperature 
—generally on the order of 20°C. The usual spinning technique was used and an 
internal standard of hexamethyldisiloxane {(CH,),Si],0 was placed in all sample 
tubes. The samples were examined in CS, solution and were originally of API 
standard purity. The tubes were not sealed under vacuum conditions. Splittings 
were measured by a sideband and extrapolation technique and because of poor 
magnet conditions the chemical shift measurements could vary by a cycle or more 
in consecutive runs. The absolute magnitude of the shift was not of interest and 
hence no susceptibility data with concentration was sought. 


Results and discussion 
There are two important aspects of the n.m.r. spectra of the dimethyleyclo- 
hexane derivatives. The first of these deals with the resonance lines from energy 


absorption by the ring hydrogens and the second with the spin-spin coupling 
between the substituent group hydrogens and the hydrogen on the substituted 


carbon atom. 

The cyclohexane ring is generally believed to exist in a chair form with two 
geometrically different types of hydrogen atoms called equatorial and axial, and 
can invert into another chair with all axial hydrogens becoming equatorial and 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 
1959; manuscript received January 1960. 
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vice versa. The cyclohexane ring has been much studied principally by crystallo- 
graphic techniques [1]* and also by an ultrasonic absorption method [2], and 
although estimates of the energy differences of the possible conformations of 
cyclohexane compounds have been given, no attempt has been made to determine 
the rate of ring inversion between conformers of identical energy. In other words, 
the question is one of time scale and thereby of importance in that it deals with the 
energy barriers involved as well as serving as a potential means for distinguishing 
between configurational isomers. No definite speed of ring-inversion can be stated 


| 
| 
1,2 cis- “we 1.2 TRANS 
AN | 
1,3 TRANS- 1,3 CiS- 


Fig. 1. Nuclear magnetic resonance spectra of the dimethylcyclohexanes. 


here but only an observation that in certain cases this must take place at a rate 
greater than ~N c/s where N is the chemical shift by which the center of the axial 
hydrogens’ peaks would be separated from the center of the equatorial hydrogens’ 
peaks were the molecules rigid [3, 4]. If the ring were inverting at a rate greater 
than this spilling, then the magnetic field which a given proton is “‘seeing’’ would be 
changed before it could be observed. However, because of the fact that the time- 
weighted average of the conformations determines the resonance spectrum, it is not 
possible to place a lower limit on the rate of inversion for the compounds which 
possess an energetically favorable conformer even though they show broad spectra. 
From crystallographic data it is expected that the trans-1:2-, the cis-1:3- and 
the trans-1:4-compounds will have both their methyl substituents principally in 
equatorial positions; these compounds are referred to as eqeq <= axax compounds 
* Reference [1] should be consulted for earlier references. 
D. H. R. Barron and R. C. Cookson, Quart. Revs. (London) 10, 46 (1956). 
R. O. Davies and J. Lams, Quart. Revs. (London) 11, 134 (1957). 


H. S. Gurowsky and C. H. Hoi, J. Chem. Phys. 25, 1228 (1956). 
J. L. Musuer and R. E. Ricuarps, Proc. Chem. Soc, 230 (1958). 
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and since the energy for the corresponding ring-inverted ax—ax conformations 
are considerably higher the n.m.r. spectra should be principally that of the eq—eq 
conformations. The ring hydrogens of these compounds (see Fig. 1) show a broad 
spectrum covering from 10 to 15 ¢/s attributed to the differences in chemical shifts 
between equatorial and axial hydrogens as well as the substituted carbons’ hydro- 
gens with the several spin-spin interactions smearing out what would otherwise 
be sharp spectra. 

The cis-1:2, the trans-1:3 and the cis-1:4 compounds on the other hand can 
exist in two energetically identical conformations and the equilibrium involved 
is one of eqax = axeq. It is, of course, expected that both conformations (being 
identical) will exist in equal proportions but it could not be predicted at what 
rate the ring-inversion will take place. The spectra observed show a sharp peak 
for the ring hydrogens in the 1:2- and 1:4-compounds and a relatively sharp peak 
for the 1:3-compound thus indicating that ring inversion actually does take place at a 
rate >~10 c/s and hence to the measuring apparatus all hydrogens are chemically 
equivalent [4]. Many other compounds have shown this effect, for example 1«:3/- 
dimethoxy-2z-acetoxycyclohexane [5] and 1-R-cyclohexanol-1 [6] where R = CHag, 
C,H, and (CH,),CH. 

No explicit estimate has been given for the energy barrier that must be passed 
for ring inversion to take place. This would require temperature studies [3] but 
crude attempts to slow this inversion below ~10 ¢/s by cooling to just above 
the freezing temperature failed and it is questionable whether it is necessary 
to go to the solid state, where high-resolution spectroscopy is no longer feasible, 
in order to slow the inversion sufficiently. A tunneling process might be proposed 
but consideration of the size of the molecules involved should discount such 
possibilities. However, if a mechanical inversion is envisaged it should be possible 
to slow this down to any desired speed by cooling while still liquid. 

The hydrogen belonging to the substituent methyl groups would be expected 
to be split into doublets by the single hydrogen on the substituted carbon and an 
order-of-magnitude estimate of this splitting would be 6—7 c/s as in most aliphatic 
compounds. It should be noted that this case is different from those studied by 
Lemieux et al. [5], and discussed theoretically by Karpius [7], for in the latter 
one could refer to ax—ax, ax-eq, and eq—eq coupling constants between hydrogens 
on adjacent carbons whose values differed because of the different angles between 
the C—H bonds of the interacting hydrogens (according to Karpivus). In the 


present case there should be no such distinction since it is observed that in all 
cases (both axial and equatorial) the methyl hydrogens are free to rotate and 
hence are all equivalent (if not, the spectra would be considerably more complex) 
and the predicted splitting will always come from a hydrogen whose C—H_ bond 
will always make (about) the same angle with the C—C bond connecting the methyl 
group to the ring, no matter whether the substituent is in an equatorial or in an 


axial position. 


[5] R. U. Lemieux, R. K. Kuiiyic, H. J. Bernsters and W. G. Scunerper, J. Am. Chem. Soc. 80, 
6098 (1958). 

[6| J. I. Musner. To be published. 

[7] M. Karptius, J. Chem. Phys. 30, 11 (1959). 
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The observed spin-spin splittings are tabulated in Table 1 and show a marked 
difference between conformations, contradicting the predictions from above. 
Moreover, the axeq <2 eqax conformations are expected to exhibit a splitting 
which is the average of the equatorial Me with an axial H and the reverse. Were 
we to assume ~1-5 c/s to be the maximum possible splitting for the eqeq == axax 
where we have placed 0 in the table and thus use this column as giving the 
eq-Me—ax-H splitting and relate it to the mixed splitting we could estimate the 
coupling that would occur between an axial methyl group and an equatorial 
hydrogen. This is tabulated as J* in the third column of the table and is clearly 
only an estimate. It would be interesting to observe the spectrum of a cyclohexane 
compound that has a “‘rigid” structure and an axial methyl group to confirm as to 


whether this larger coupling actually is the case. 


Table 1 


J a ¢ qas ) J (eqe q arar) 


1:2-dimethyleyclohexane 5-7 (cia) 0 (trans) 9-9 
1:3-dimethyleyclohexane 5-9 (trans) 3-7 (cis) 
1:4-dimethyleyclohexane 5-2 (cvs) 0 (trans) 8-9 


Spin-spin coupling of methylhydrogens in axeq = eqaa and egeq axvax conformational 


equilibria and an estimate (J*) of what az—Me—eg H coupling might be like (see text). 


The larger splitting in the 1:3-cis-compound is as yet unexplained but probably 
has to do with the very much higher energy of the ax-ax conformation due to 
|-3-interaction. If so, this might be of importance in developing a theory for the 
other small couplings. 

Other compounds in which no splitting was observed in rigid molecules with 
equatorial substituents interacting with axial hydrogens are: trans-1-methyl-2- 
ethylcyclohexane, methyleyclohexane and several alkyleyclohexanols.* 

The following measurements were made on the permanent-magnet high-resolu- 
tion n.m.r. spectrometer [8] of RicHarps at the Physical Chemistry Laboratory, 
Oxford, at a frequency of 29-9200 Me/s. On this machine it was possible to resolve 
the difference in chemical shift between the axial methyl group and the equatorial 
methyl group in the “rigid” 4:4 dimethyleyclohexylformate. This splitting was 
observed to be 0-55 + 0-05 c/s and was noticeable but not measurable (although 
it should have been larger) on the 40 Mc/s Varian spectrometer used in the other 
determinations 

The chemical shift at ~30 Me/s of the hydrogen on the same carbon as a 
hydroxyl group has been observed for three compounds with the hydroxyl princi- 
pally equatorial. (See Table III of [9 which gives many other steroid data on the 
same problem. In comparison it must be remembered that the chemical shift is 
field-dependent Relative to the peak in cyclohexanol (at 0), the peak in 4:4- 


dimethyleyclohexanol is at — 5-6 ¢/s (to low field), and the peak of cholesterol is 


ed ls where 
8) J. B. Leane, T. P. Scuarrer and R. E. Ricnarps, J. Instr. 36, 230 (1959). 
and M. T. Rocrrs, J. Am. Chem. Soc. 80, 5121 (1953). 
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at —1l-5 c/s. (Incidentally, the shift in the first two is independent of the fact 
that both are inverting more rapidly than ~10 c/s.) The same peak in epicholes- 
terol with an axial hydroxyl group and an equatorial hydrogen lies at — 27-4 c/s. 


This is essentially in agreement with the data in the recent article of SHOOLERY 


and RoceErs {9}. 


Acknowledqement—The writer wishes to thank the U.S. Fulbright Committee for a fellowship 
under which part of this work was performed, and Dr. R. E. Ricuarps and Drs. T. P. ScHArFER 
and J. B. LEANE for helpful discussions during the year spent in their laboratory. N. F.CHAMBER- 
LAIN of the Humble Oil Company very kindly supplied the API standard samples of the di- 
methyleyclohexanes. 


Note added in proof: The following two relevant notes have appeared recently: S. BRowNsTEIN 
and R. Mitier,.J. Org. Chem. 24, 1886 (1959) and F. R. Jensen, D.S. Noyce, C. H. SepeRHOLM 
and A. J. Berry, J. Am. Chem. Soc. 82, 1256 (1960). The first includes some of the work done 
above and the second discusses an experiment in which the cyclohexane ring-inversion was 


stopped at low temperatures. 
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The absolute intensities of the infra-red fundamentals of methane* 


L. Armstrronet and H. L. WELSH 


MeLennan Laboratory, University of Toronto, Toronto, Canada 


Received 25 March 1960) 


Abstract—The intensities of the infra-re d fundamental absorption bands of ¢ H, were meas ired 
in mixtures with He, A and N, at pressures up to 2000 atm. In the density range ~60-300 


Amagat units the intensities showed a weak linear dependence on the foreign-gas density. 
Extrapolation to zero foreign-gas density gave the values 2423 35, 2706 60 and 35 5 em 
per mole for the absolute intensities of the rs y, and vr, bands, respectively. \ detailed examination 


of the errors inherent in this experimental method was made. Up to 300 Amagat units of density 
the pr files of the bands could be fitted with computed pr files assuming suitably broad ned 


Pressure broadening coefficients for the various foreign gases were obtained 


Introduction 


Tue effect of high pressures of foreign gases on the vy, and », infra-red absorption 
hands of methane was investigated by Wetsu ct al. [1], and and SANDIFORD 
2), respectively. It was shown that for densities of the foreign gas between 100 and 
100 Amagat units the absorption coefficients for these hands increase linearly with 
the density of the foreign gas. The measured rate of increase was comparatively 
small and was ascribed to an induction effect of the foreign gas. An extrapolation 
of the graph of the band intensity against the foreign-gas density to zero foreign-gas 
density gave a value of the absolute intensity of the band for the free molecule. 
The values of the intensities thus obtained were somewhat greater than those 
reported by THORNDIKE [3], W ho used the WiLsoN—WELLS extrapolation method [4]. 

The primary aim of these earlier experiments (1, 2] was the investigation of 
pressure effects in infra-red spectra, and no special effort was made to ensure a high 
accuracy in the measurement of the absolute intensities. However, since the 
intensity data have been quoted frequently, it seems worthwhile to establish more 
definitely their accuracy as well as to investigate more carefully the potentialities of 
the high-pressure method of determining infra-red intensities. It is possible that 
the method has certain advantages over the WiLsoxn—WELLS method in that 
induction effects are actually measured and eliminated from the final results. 
Probably of even greater significance is the fact that there is no necessity for 
introducing rather arbitrary criteria for the selection of an adequate pressure for 
the broadening gas as in the WitsoN—WELLS method. Although the high-pressure 
method might be considered too involved for general use, it might be used to 


* This research was supported in part by a grant from the National Research Council of Canada. 
Holder of the Reuben Wells Leonard Fellowship (1958-1959 University College, and a University 
of Toronto Spe Open Fellowship (1959-1960) in the School of Graduat« Studies. 


11H. L. Wersn, P. E Pasuier and A. F. Duny, J. Chem. Phys 19, 340 (1951). 
2| H. L. Wetsnu and P. J. Sanprrorp, J. Chem Phys. 20, 1646 (1952). 

3) 4 M. THornvike, J. Chem. Phys. 15, 868 (1947 

4) E. Brient Wutson, Jr. and A. J. Weis, J. Chem Phys. 14, 578 (1946). 
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establish certain “‘standard”’ intensities which could then serve to evaluate the 
accuracy of simpler procedures. 

In the present communication the intensities of the infra-red fundamentals of 
methane have been measured in the presence of foreign gases at high pressures, in 
some cases, up to 3000 atm. Particular attention was paid to the various sources 
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Fig. 1. Infra-red absorption cell for pressures up to 3000 atm. A, socket-head cap screw; 
B, F. rubber O-rings; C, steel ring; D, window; E, retaining cap 


of error, such as the purity of the gas samples, the homogeneity of the gas mixtures, 
and the estimation of the integrated absorption coefficient from the recorder 
traces. It is therefore hoped that the results permit a reasonable assessment of the 
accuracy of the method. The investigation has also given new results on the effects 
of foreign gases at high pressure on the intensities and profiles of infra-red bands; 
these will be discussed in a later communication. 


Experimental 
The infra-red absorption cell, shown in Fig. 1, was designed to withstand gas 
pressures up to 3000 atm. The body and end plates were machined from alloy- 
steel stock, 4 in. in diameter. Each end plate was sealed to the body of the cell by a 
rubber O-ring, B, compressed by six socket-head cap screws, A, 0-5 in. in diameter 
and 1-5in. long. A carefully machined steel ring, C, 0-02 in. thick and with a 
height 0-004 in. less than the thickness of the O-ring, is an essential part of the seal; 


S41 


| 
RNR 
NAY 

| 
| 


R. L. Armstrrone and H. L. Wetsu 


it permits compression of the O-ring but prevents the latter from being extruded 


between the end-piece and the body of the cell. The end plates were designed to 
allow an F/4 cone of radiation to fall on the circular free aperture, 0-25 in. in 
diameter, of the windows, D, of the cell. The surfaces of the end plates in contact 
with the windows were polished flat to within one wavelength of sodium-D light. 
Stainless-steel retaining caps, EF, held the windows in place when the cell was 
evacuated: the rubber O-ring, F, placed between the cap and the window, 
prevented chipping of the window when the cap was tightened. 

Synthetic sapphire windows, | in. in diameter and 0-25 in. thick, were used in 
studying the y, band at 3-3 uw at pressures up to 3000 atm. The windows were 
polished flat to within five wavelengths of sodium-D light, and were sealed to the 
end plates with a small amount of rubber cement. Calcium fluoride windows, | in. 
in diameter and 0-45 in. thick, were used for the vy, and », bands in the region 
6-7 u. These withstood pressures up to 2000 atm, but tended to crack when the 
pressure was released too abruptly. 

Two cell bodies were constructed to give path lengths of approximately 0-9 and 
1-2 em for the investigation of the v, and v, bands, respectively. These path lengths 
were selected so that accurately measurable partial pressures of methane, in the 
range 50 to 800mm Hg, could be used. The absorption path lengths were 
measured by subtracting the lengths of the two end plates carrying the windows 
from the total length of the assembled cell, all measurements being made by 
micrometers. Repeated measurements indicated that the measured path lengths 
were accurate to within 1 per cent. Calculations showed that the increase in path 
length resulting from axial stress at a gas pressure of even 3000 atm was insignifi- 
cant. 

The spectra were recorded with a Perkin-Elmer model 112 single-beam, 
double-pass, infra-red spectrometer using an LiF prism for the vy, band and an NaCl 
prism for the », band. The source for the vr, band was a specially constructed 
water-cooled lamp with a standard projection-lamp filament and a sapphire 
window: a Globar source was used for the y, band. For safety reasons the cell was 
mounted with its axis vertical, and an appropriate condensing system was made 
up with mirrors and NaCl lenses. For recording the vy, band the entire optical 
system was enclosed and flushed by a stream of dry air to eliminate water-vapour 
absorptions. 

The methane gas used was Matheson C.P. grade with a stated minimum purity 
of 99 per cent; in all, samples from three different cylinders were used. Helium, 
argon and nitrogen, used as the broadening gases, were taken directly from 
commercial cylinders without further purification. No absorption could be 
detected in the spectral regions under study when the broadening gases themselves 
were compressed to the highest pressures in the absorption cell, 

Investigations on pressure-induced infra-red absorption in this laboratory 
have shown that it is difficult to obtain homogeneity in gas mixtures when the 
mixing takes place at high pressures. It was therefore considered inadvisable to 
add increasing pressures of the foreign gases to a constant base pressure of met hane 
in the absorption cell, as was done in the earlier experiments [1, 2]. An alternative 
procedure was therefore used: a mixture of methane and the foreign gas was made 
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up and mixed at relatively low pressures, and this constant-ratio mixture was then 
compressed by stages into the absorption cell. A gas cylinder of 91. capacity 


served as the mixing vessel. Methane gas at a pressure between 50 and 800 mm Hg 
was introduced into the cylinder, the pressure being read on a Wallace and 
Tiernan mercury manometer to a precision of better than 0-1 per cent, and the 
temperature of the cylinder recorded with an accuracy of +1°C. The foreign gas 
was then admitted into the cylinder to a pressure in the range 60 and 140 atm. 
When the temperature of the cylinder had returned to the ambient temperature 
the pressure of the mixture was measured to a precision of 0-1 per cent with a Hart 
pressure balance. The mixtures were allowed to stand for a minimum of 6 hr before 
using; during part of this time mixing was aided by convection currents established 
in the gas by heating the bottom of the cylinder in a water bath. A hand-operated 
gas compressor was used to compress the mixture into the absorption cell. The 
homogeneity of a given mixture was checked by comparing recorder traces taken 
at an arbitrarily selected pressure with different samples of the same mixture. The 
various traces showed only random fluctuations in transmission of the order of 
2 per cent, a magnitude consistent with the stability of the light source and the 
recorder amplifier. An ultimate check on the homogeneity of the mixtures was 
furnished by the reproducibility of the experimental data obtained with different 
mixture ratios. 

The mixture ratios, defined by r = p,/p, = (p,,/p,) 1, where the densities 
Pa, py and p,, of the absorbing gas, the foreign gas and mixture, respectively, are 
expressed in Amagat units, were in the range 400 to 1800 for the », and », bands. 
The value of r for a given mixture was calculated from the initial methane pressure 
and the initial mixture pressure using isothermals for the various gases at the 
temperature of the mixing vessel. The density of the mixture after compression 
into the absorption cell was calculated from the pressure measured by the pressure 
balance; since r was very large the isothermals of the foreign gas alone were used. 
The partial densities of the methane and the foreign gas were then obtained from 
the relations: 


r), Py 


Accurate isothermal data are available in the literature for nitrogen [5] and argon 
[6] to 3000 atm, and for helium [7] and methane [8] to 1000 atm. 

In reducing the recorder traces, values of log (/,//) were measured at constant 
frequency intervals, dy, across the band. The incident intensity, 7,, was taken from 
a background trace recorded with the cell filled with the pure gas at a density near 
the density of the mixture to be measured; this method corrects for the slight 
effect of the refractive index of the gas on J, at high pressures and for absorption 
by trace impurities in the foreign gas. 

When the background trace and a given absorption trace are recorded at 
different times, there can be considerable error in intensity determinations if the 
[5] A. M. Micwens, Physik. Z. 35, 97 (1934). 
A. Micwe H. Wisker and H. K. Wisker, Physica 15, 627 (1949). 


[7] R. Wiese, V. L. Gappy and C, Hers, Jr., J. Am. Chem. Soc. 58, 1721 (1931). 
[8] H. M. Kvaunes and V. L. Gappy, J. Am. Chem. Soc. 58, 394 (1931). 
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light source is not stable over relatively long periods of time. The effect of this 
error is usually reduced by “‘matching” the background and absorption traces 
outside of the region of detectable band absorption. In the present investigation 
such matching, which is always arbitrary to some extent, was minimized by 
operating the source at currents as low as was consistent with the desired spectral 
resolution. 

A value of the integrated intensity of the band, f log (/,//) dy, was obtained by 
applying the trapezoidal rule of numerical integration over the frequency range of 
detectable absorption. In order to obtain the best precision in the measurement 
of the integrated intensities the mixture ratios were adjusted so that the maximum 
value of log (/,//) in the band was between 0-45 and 1-0. 

Finally, the integrated absorption coefficient, ', in em?/mole, was calculated 
from the formula, 

2:303N ¢ 
— | log (/,//) dv, 
where L is the absorption path length, N Avogadro's number, » Loschmidt’s 
number, and # a mean frequency factor defined by the equation 


f log (1,/1) dy fa v) log (1,/1) dy 


The value of * was found to be practically independent of the type and pressure of 
the foreign gas; its values were 3029 and 1311 cm for the », and », bands, 
respectively. 


Results and discussion 


Helium, argon and nitrogen were used as foreign gases at pressures, in some 
cases, up to 3000 atm; at the highest pressure the density of helium was ~1200 
and of nitrogen ~600 Amagat units. At densities approximately in the range 
60 to 300 Amagat units the intensities of the methane bands varied linearly with 
the foreign-gas density. The data in this region could therefore be readily extra- 
polated to zero foreign-gas density to obtain the absolute intensities of the bands. 
At higher densities the variation of the band intensities was more complicated, 
and hitherto unsuspected induction effects seemed to be present. In the present 
communication only the data on the absolute intensities will be presented. 


The band 

The profile shown in Fig. 2, obtained with a total methane—helium density of 
201 Amagat units and r = 559, is typical of the results obtained for the y, band. A 
constant instrumental slit width of 0-2 mm was used; this gave a spectral half- 
width of 8 em~! at 3000 cm~'. The frequency calibration was obtained from the 
known frequencies of the P and R rotational lines recorded at low pressure. The 
individual points plotted in Fig. 2 are theoretical intensities calculated, assuming 
suitably pressure-broadened line shapes, with an IBM 650 computer, as will be 
described below. The theoretical curve has been normalized to give a total 
intensity the same as that observed experimentally. Although there is in general 
good agreement of the theoretical points with the experimental curve, the 
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theoretical intensities are slightly higher in the P-branch and slightly lower in the 
R-branch than the experimental intensities; it is possible that this is an intensity 


anomaly caused by the rotation-vibrational interaction, such as that discussed by 
Herman and Wattis [9]. The calculated frequencies and relative intensities of the 


Frequency 
Fig. 2. Intensity profile of the », band of CH, in a CH,-He mixture at a total density 
of 201 Amagat units. The points represent calculated intensities. The line spectrum 

shows the frequencies and relative intensities of the individual transitions. 


mole) 


cm* 


rs ( 


— =! 


(Amagat) 

Fig. 3. Variation of the integrated absorption coefficient with gas density in methane 

foreign-gas mixtures. Measurements for different mixtures are represented by different 
symbols. 


P-, Q- and R-lines are plotted in Fig. 2 on an arbitrary intensity scale; it will be 
noted that some traces of the rotational structure persist even to a density of 
~200 Amagat units, corresponding to a pressure of 245 atm of helium. 
Graphs of the integrated intensity, I’, as a function of the foreign-gas density, 
are given in Fig. 3. For each of the foreign gases at least two different mixture 


[9] R. Herman and R. F. Watts, J. Chem. Phys. 28, 637 (1955). 
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ratios, in the range r — 400-700, were used; the fact that the trends for different 
mixtures with the same foreign gas agree indicates that the mixtures were 
homogeneous. With the assumption that the variation is linear over the range of 
density in Fig. 3, least-squares regression lines were drawn; none of the points 
depart by more than 1 per cent from the least-squares line. Values of I’, obtained 
from the intercepts of the lines on the '-axis are given in Table 1. These values of 
v,, obtained with methane gas from the same cylinder and with different foreign 
gases, show agreement to better than 0-3 per cent. 


Table 1. Absolute intensity of the V3 band of CH, 


(em*/mole) (cm*/mole) 


Foreign gas 


He 2403 2428 
A 2400 2420 
N. 2396 2423 
2400 Mean: 2423 


Mean: 


A value of I’, was also obtained by compressing pure methane in the reflection 
cell described by Wexsu et al. [1]; a cell length of 0-01 + 0-001 mm was realized 
by using aluminium foil as the spacer between the mirror and the high-pressure 
window. Measurements made in the density range 100-260 Amagat units gave 
lr, = 2560 em?/mole; this agrees with the values obtained with the foreign gases 
to within the probable error in the absorption path length. 

Further experiments were carried out with two other methane samples, also of 
Matheson (.P. grade, and with helium as the foreign gas in the density range 100 
to 220 Amagat units. The values of I, obtained, with their standard errors 
calculated from least-squares regression lines, were: 2403 5, 2419 + 5, 2393 


5em2/mole. It is clear that variations in the purity of the various samples gave 
rise to variations in the values of », which are greater than the experimental error. 
The maximum difference in the three values is less than 1 per cent, and the 
maximum impurity of the samples is probably less than | per cent. One cannot, 
however, associate the highest value of I’, with the purest sample, since the most 
likely impurity, ethane, would also give an absorption in this wavelength region. 

A serious source of error in this (or any) absorption experiment is the loss of 
intensity in the wings of the band occasioned by the insensitivity of the spec- 
trometer to small intensities. The error can be considerable when the collision 
broadening is large, as in the present case when high pressures of the foreign gas 
were employed. A careful estimate of the maximum error was therefore made. 
As will be discussed below, a theoretical contour of the band for various foreign gas 
densities was calculated assuming the line width for the rotational lines which best 
reproduced the observed contour. The total theoretical intensity lying beyond the 
region of the measurable intensity could then be estimated. The effect of the 
correction is shown in Fig. 4 for the CH,-N, mixtures considered previously in 
Fig. 3. The corrected graph is also a straight line, but with an intercept and a slope 
different from those obtained from the uncorrected data. The greater slope 
reflects of course the effect of the increasing half-width of the rotational lines with 
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increasing foreign-gas density. The increase in the intercept of the corrected line 
gives a value of vy, about 1 per cent greater than that obtained from the uncorrected 
data. The use of a dispersion line form, rather than say a Gaussian form, for the 
calculation ensures that the correction is overestimated. Similar calculations were 
made for helium and argon as foreign gases; the values of the corrected absorption 
intensity, I, (corr), are given in the last column of Table 1. 


(cm?/ mole) 


p (Amagat 


Fig. 4. Effect of a calculated correction to Tl for intensity lost in the wings of the v, band. 


As discussed in detail by Witson and WeE.Ls [4], a measured integrated 
absorption intensity will in general be too small if the intensity of the radiation 
varies over the frequency range covered by the spectral slit width. Although the 
intensity in the wings of the v, band varies slowly with the frequency, the intensity 
of the Q-branch shows fairly rapid variations even at high foreign-gas pressures 
(Fig. 2). A separate experiment was therefore carried out to assess the error 
introduced by the finite slit width. Recorder traces were obtained for a methane— 
helium mixture at a density of 125 Amagat units with spectrometer slit widths of 
0-30, 0-25, 0-20, 0-15 and 0-10 mm. The traces were identical except in the region 
of the Q-branch where a small but gradual increase in apparent absorption with 
slit width was observed. The measured total absorption of the band showed an 
increase of about 0-5 per cent as the slit width was narrowed from 0-20 to 0-10 mm. 
This represents a maximum variation for any of the absorption measurements, 
since the density in this experiment was at the lower end of the range used and 
helium can be expected to give the least pressure broadening of the three foreign 
gases. The use of a 0-20 mm slit would tend to give a slightly low value of the 
measured absorption, the error being greater for helium as the foreign gas than for 
nitrogen. Since the coefficient obtained from the methane—nitrogen data was less 
than that from the methane—helium data (Table 1), the effect of the finite slit 
appears to be insignificant. 

The final value for the integrated intensity of the vy, band will be taken as 2423 
cm2/mole. the mean of the three values of I’, (corr) in Table 1. It is considered that 
this value is correct to within 1-5 per cent, the main sources of error being the 


impurity content of the methane samples and the determination of the absorption 
path length. This value is compared in Table 2 with values given in the literature. 
The value derived from the dispersion measurements agrees with the present value 
within the limits of the estimated error of the latter. The lower value obtained by 
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THORNDIKE using the WiLsoN—WELLS method probably has a large error because of 
insufficient pressure broadening. The value of Wetsu ¢/ al. is much too high; this 
almost certainly results from an impurity absorption, since the earlier results show 
a greater absorption at the low-frequency side of the P-branch than was observed 


in the present investigation. 


The v, band 


The absolute intensity of the vr, hand was determined from data obtained with 
helium and nitrogen as foreign gases in the density range 60 to 300 Amagat units 


Tablk 2. 4 Omparison ot rime ntal values of 


PHORNDIKE |: 
RoLLEFson and Havens [10 2406 


Present investigation 2425 
Wetsn ef al. 


lable 3. Absolute intensity of the r, band of CH, 


I’, 
(cm?*/mole) 
2717 
Mean 


2700 


with a constant spectral slit width of ~4em~'; the results are given in Table 3. 
The greater spread in the values as compared with the vr, band seems to have been 
due to the lower stability of the Globar source, as was indicated by a greater 
scatter in the points on the I’ vs. p plot. The mean value is considered to have 
an accuracy of about 2-5 per cent and is probably slightly too low. No correction 
was applied for intensity lost in the wings because the vy, band has a much more 
concentrated intensity distribution than the Vs band, a consequence of the closer 
line spacing due to Coriolis interaction: moreover calculated profiles with a 


dispersion line form for the rotation-vibrational lines did not appear to give an 
entirely satisfactory representation of the experimental profile even at lower 
pressures. An ethane impurity would also lead to a low value of », since the 
nearest band of ethane, at 1460 em~', would not contribute much intensity to the 
measured intensity of the Vs band 

A summary of published values of I, is given in Table 4. Only the value of 
S,xprrorp and Wetsu falls within the range of uncertainty of the present value. 
‘THORNDIKE’'S value shows a much smaller discrepancy from the present value than 


in the case of the y, band; this is probably because the broadening pressure used 


10 


R. Roiierson and R. Havens, Phys. Rev. 57, 710 (1940) 
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by him gave a more adequate merging of the complex rotational structure of the 
y, band than for the », band. 
i 3 
The v, band 

The v, vibration of methane with its band origin at 1526 em ! is inactive in 
infra-red absorption according to the symmetry selection rule, but is rendered 
slightly active by Coriolis coupling with the », vibration (Burcess et al. [11}). 


Table 4. Comparison of experimental values of I, 


I's 


Reference 
mole) 


RoOLLEFSON and Havens [10] 2536 


THORNDIKE [3] 2570 
Wetsu and SANDIFORD [| 2} 2696 


Present investigation 2706 


Frequency (cm") 


Fig. 5. Profile of the absorption m the neighbourhood of the r, band of ¢ H, in a H, He 
mixture at a total pressure of 485 atm 


For possible theoretical calculations it is of some interest to determine experi- 
mentally the absorption intensity gained by the v, band at the expense of the v, 
band. Experiments were therefore carried out with pure methane and a methane— 
helium mixture at total densities up to 600 Amagat units with an absorption path 
length of 1-2em. The absorption in the region 1350-1800 em™ for a methane— 
helium mixture at a pressure of 485 atm is shown in Fig. 5; practically identical 
results were obtained for pure methane. In addition to the », band the graph shows 
a band with a maximum near 1450cm~. A similar band was observed in com- 
pressed methane by CouLon ef al. [12], and ascribed by them to an ethane impurity. 
A rough estimate, using THORNDIKE’s [3] value for the integrated intensity of the 
vy, band of ethane, showed that the intensity of the 1450 em~! band in Fig. 5 could 
be accounted for by an ethane impurity of somewhat less than | per cent. 


11) J. 8S. Buroess, EF. E. and H. H. Nrersen, J. Opt. Soc, Am. 43, 1058 (1953). 
12) R. Covion, B, OKsENGORN and 8S. Rost, J. phys. radium 14, 347 (1953). 
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Since the rv, band is overlapped by both the ethane band and the high-frequency 
wing of the », band, an accurate value of its intensity could not be obtained. If it 
is assumed that the high-frequency half of the band is free from overlapping and 
that the low-frequency half has equal intensity, the value T, 35 em?/mole is 
obtained; the possible error is estimated at 15 per cent. It thus appears that only 
about 1-3 per cent of the intensity of the », band is shifted to the », band by the 
Coriolis interaction. 


Calculation of the band profiles 


It appeared to be of some interest to determine whether the », and », band 
profiles observed with high pressures of foreign gases could be fitted by calculated 
theoretical profiles assuming suitably broadened lines. The shape of the individual 
rotation-vibrational lines was represented by the dispersion form, 


Vo) I(v,)/{[2(v — 1} 


where I(v — v9) is the intensity at distance y — v, from the maximum of the line 
and A is the half-width of the intensity distribution. The value of A, assumed to 
be constant for all lines of the band at a given foreign-gas pressure, was the sole 
parameter adjusted in the fitting. The calculations were carried out with an IBM 
650 computer. 

The rotational terms of the ground vibrational state of methane are given by 


F (J) B,J (J 1) — D,J*{J + 1)? 


and those of the r 1 state of a triply degenerate vibration by 


Fy(J) = + 1) + +1) — + 1)? 
= BJ(J + 1) — DJ + 1)? 
F,-(J) = BJ (J +1) — — + 1)?. 


The frequencies of the P-, Q- and R-branches are 
vp = + — 1) — FV) 
— Fol/) 
F,-(J +1) — 


where »v, is the band origin. 


The intensities were calculated with the transition amplitudes (2J — 1)/ 
(2J +1), 1 and (2J + 3)/(2/ 1) for the P-, Q- and R-branches, respectively, 


and statistical weights due to nuclear spin, as given by Camps and Jann [13]. A 
temperature of 294°K was used in calculating the Boltzmann factors. 

The rotational and vibrational constants determined by THomas and WELSH 
[14] from the Raman spectrum, supplemented by values of v9 and ¢ for the », band 
as given by Cuips [15], were used in the frequency calculations. Since the 
rotational levels of the », band are significantly perturbed by the Coriolis inter- 


13) W. H. Cureps and H. A. Jauy, Proc. Roy. Soc. (London) A 169, 451 (1939). 
14) M \. Tuomas and H. L. We Can. J. Phys. In press. 
i 15 Ww. H. CHILDS, Proc . Roy. Hoc, (Lon lon) A 153, 555 (1936). 


850 


16 


1960 


| 
: 
|| 
ty 
be 
a 


The absolute intensities of the infra-red fundamentals of methane 


action with v,, the frequency corrections, as calculated by Jann [16] up to J = 8, 
were added to the unperturbed frequencies in the calculation of the band profile; 
it was assumed that the unperturbed intensity of a given rotational transition was 
distributed over the perturbed transitions according to their statistical weights. 

The computer was programmed to calculate the intensity of the band at a 
maximum of 150 values of the frequency separated by any desired frequency 
interval. At each of these frequencies the computer summed the various contri- 
butions from the dispersion line forms centred at the calculated line frequencies 


300 
p (Amagat 


Fig. 6. Variation of the half-width, A, of individual rotation-vibrational lines of CH, 
in CH,-foreign-gas mixtures, determined by fitting a calculated profile to the observed 
profile at various gas densities, p- 


with the theoretical relative peak intensities. The maximum intensity of the band 
was sought out and assigned the value 75; the calculated intensities across the 
band were then normalized with integral values from 0 to 75. The results were 
presented in graphical form for integral values of A ranging from 6 to 26 cm~. The 
experimental intensities were normalized in the same way and plotted on the same 
frequency scale by the computer. 

For each of the experimental profiles at densities in the range 60-300 Amagat 
units it was possible to select a calculated profile with a particular value of A which 


gave the best fit. An example for the 1, band is given in Fig. 2 and has been 
commented on above. In general the agreement for the », band was not as good as 


for the », band. 

The procedure used in fitting the calculated and observed band profiles 
permitted the determination of the half-width, A, of the rotational lines as a 
function of the density of the foreign gas; the results are presented in graphical 
form in Fig. 6. In all cases a linear relationship between A and p is indicated, the 
straight lines extrapolating to approximately the spectral slit width at zero 
foreign-gas density. The slopes of the lines in Fig. 6 are broadening coefficients in 
the units em- per Amagat unit of density; these data are summarized in Table 5. 
Within the range of the estimated probable errors the broadening coefficients for 
both bands appear to be the same for the same foreign gases. The values are of the 


[16] H. A. Jaun, Proc. Roy. Soc. (London) A 168, 495 (1938). 
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Table 5. Broadening coefficients for the infra-red bands of CH, 


Broadening coefficient 


*/Amagat unit) 


Foreign gas 


band V4 band 


0-039 0-003 O-O35 0-004 
0-006 0-003 0-063 0-004 


0-059 0-003 


same order of magnitude as those obtained for broadening of the microwave lines 
of oxygen by AnpERsSON ef al. [17]; both oxygen and methane are of course 
nonpolar molecules. The agreement of the calculated and theoretical profile for 
the methane bands indicates that the broadening coefficient in methane must be 


essentially independent of the rotational state. 
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Infra-red and proton magnetic resonance spectra of solid substances 
containing very short hydrogen bonds* 


R. and D. Hapzit 


+ Institute J. Stefan and { University Chemical Laboratory, Ljubljana 


Abstract— According to the type of spectra obtained, the substances investigated are divided 
into two groups. The infra-red spectra of the first group are characterized by the presence of 
two OH stretching bands in the region 3000 to 1900 em separated by 300 to 500 cm”. The 
PMR signals are strong and narrow (3-5 G) at room temperature and slightly broader at 180°. 
To this group belong some metal hydrogen phosphates, arsenates, periodates, phthalates and 
p-nitrobenzoates. 

The ir. spectra of the second group are characterized by the absence of the OH stretching 
band in the region above 1800 cm~!. The PMR signals are narrow and weak or very weak at 
room temperature and remain essentially unchanged at low temperature. To this group belong 
potassium hydrogen bisphenylacetate, bisbenzoate, sodium sesquicarbonate and potassium 
hydrogen maleate. The latter compound shows a particularly weak signal. 

These experimental results are interpreted in terms of a potential function for the proton 
motion having two minima of potential energy separated by a barrier of different size in each 
of the two groups. In the first one, the barrier is sufficiently small to allow for the tunnelling of 
protons with subsequent splitting of vibrational levels. With regard to PMR such a function 
results in a short correlation time which is temperature independent at low temperature when 
the proton is tunnelling at the lowest vibrational level. 

In the second group the potential barrier is vanishingly small, the hydrogen bond approaching 
the symmetrical type. The OH stretching frequency becomes small and the characteristic 
property of the vibration is lost owing to strong vibrational interactions with other modes. In 
the limiting case the tunnelling motion ceases. As there is no more large proton motion the 
relaxation time becomes long: the signal is weak and saturation occurs even at low r.f. power. 
This extreme case seems to be approached by KH-maleate. 


IN THE recent models {1, 2] the hydrogen bond is represented by a potential 
function with two minimum-energy positions of the proton. With decreasing 


distance between the two minima the separating barrier is reduced until it vanishes 
in the limiting case of the single minimum-symmetrical hydrogen bond. In a 
quantum-mechanical treatment of the vibrational problem of the proton moving 
in the double-minimum potential trough it was shown [3] that with sufficiently 
small potential barriers the tunnelling produces a splitting of the vibrational levels 
which may be detected in the infra-red and Raman spectra. In a subsequent 
paper [4] the spectra of some ferroelectric compounds with short hydrogen bonds 
were interpreted in terms of proton tunnelling. Spectroscopic [5, 6] and neutron- 
diffraction evidence was also presented in favour of the limiting case of the 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna Meeting 
; manuscript received January 1960 
R. Lipprxcorr and J. Scuroeper, J. Chem. Phys. 23, 1099 (1955). 
J. Chem. Phys. 30, IS2 (1959). 
. Burxe and D. Hanzi, Hydrogen Bonding p. 147. Pergamon Press, London (1959). 
. Burne and D. Handi, Molec. Phys. 1, 391 (1958). 
+. L. Core and H. W. Tuompson, Proc. Roy. Soc. (London) A 210, 206 (1951-1952). 
. Hapédt and A, Novak, Nuovo cimento Suppl. 2, 715 (1959). 
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symmetric or near-symmetric hydrogen bonds in KHF, [7] and in some other 
acid salts [8, 9}. 

\lthough the spectroscopic evidence for the double-minimum type hydrogen 
bond with tunnelling as well as of the symmetric single-minimum type bond is 
rather strong, it was desirable to get independent evidence from another 
experimental method. Nuclear magnetic resonance presents itself as a particularly 
valuable method for studying atomic and molecular motions in crystals. Therefore 
we have measured resonance signals from a series of compounds previously 
investigated by infra-red spectroscopy and found to contain hydrogen bonds 
either of the double-minimum type (hydrogen phosphates, arsenates, periodates 
and phthalates of metals and ammonium, respectively) or of the single-minimum 
type (potassium hydrogen bisphenylacetate, dibenzoate and maleate). Some 
new examples of both types were investigated by infra-red spectroscopy as well as 
by proton magnetic resonance. 

The present experimental results will be discussed along with the previous ones 
and those of other authors. The discussion will be rather of a qualitative nature 
in view of the large number of substances investigated with emphasis on the type 
of the potential function of the proton. Quantitative aspects of the function, such 
as the height of the barrier, etc., are reserved for a subsequent paper. 


Experimental and results 


A. Proton magnetic resonance 

The resonances were measured with a home-built instrument equipped with a 
magnet of 3600 G. The r.f. was 15-3 Me/s and the r.f. power was kept as low as 
possible in order to avoid saturation. The modulation amplitude (0-5 G) was small 
in relation to the line width. The derivative curves were recorded and the 
absorption was obtained by numerical integration. The sample temperature was 
controlled by a eryostat cooled with liquid nitrogen, and measured by a thermo- 


couple. The signals from silver and ammonium hydrogen periodates were 
recorded at 10° intervals, and those from the other compounds at room temperature, 
at 170° and at a few intermediate temperatures. Some representative recordings 
are reproduced in Figs. 1 to 8. The PMR curves of KH,PO,, KH,AsO,, NH,H,PO, 
and of NH,H,AsO, have been published already by NewMan [10]; our results are 
roughly in agreement with his. The results, expressed in second moments, are 
collected in Table 1; the relative peak heights are reproduced in the accompanying 
diagram (Fig. 9). The peak of KH,AsO, is taken as unit height. 

Inspecting the results and considering the changes of the line width with 
temperature and signal strength, the substances investigated may be divided into 
two groups. In the first group (nos. 1 to 12 in Table 1) there occurs a transition of 
the line width, and the signal is strong even at low temperature. The increase in 
line width is, however, very small (up to 20 per cent; see Fig. 10 and reference | 10}). 
Both points are of importance for the following discussion of the proton motion. 


71S. W. Perersown and H. A. Levy, J. Chem. Phys. 20, 704 (1952). 
81G. E Bacon and N. A. Curry, Acta Cryst. 9, 82 (1956). 

91 G. E. Bacon and N. A. Curry, Acta Cryst. 10, 524 (1957). 

| R. J. Newman, J. Chem. Phys. 18, 669 (1950). 
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The second group of substances is characterized by the absence of the line-width’s 
transition, and by a weak signal. The extreme in this respect is reached with 
potassium hydrogen maleate in which the signal could be obtained only by reducing 
artificially the relaxation time 7’, by adding some ferric salt. 


0-5 -5 5 O -5 -5 


H-Ho, G 


Figs. 1 to 8. Derivatives of the proton magnetic resonance curves observed at room 
170°C (dashed). The absorption intensities are 
arbitrary. 
Fig. 1. Potassium dihydrogen arsenate, 
Fig. 2. Sodium dihydrogen phosphate. 
Fig. 3. Calcium hydrogen phosphate. 
Fig. 4. Silver trihydrogen periodate. 
Fig. 5. Ammonium trihydrogenperiodate. 
Fig. 6. Ammonium hydrogen phthalate. 
Fig. 7. Sodium sesquicarbonate. 
Fig. 8. Potassium hydrogen maleate (with Fe* added), 


temperature (unbroken lines), and at 


In this classification the peculiarities of the substances containing the 


ammonium ion and the CH groups were disregarded, as they are not relevant to 
the later discussion. The substances containing the ammonium ions show another, 
much stronger, line-width transition and there appears in some cases a second peak 
in the derivative curve. This was already discussed by Newman [10] and shown to 
be due to the “freezing in’ of the NH,-ions. The records of potassium hydrogen 
bisphenylacetate and dibenzoate show also a second peak, at room temperature as 
well at —170°C, which is apparently due to CH groups. 
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Table 1. Resonance line widths (AH), and second moments (AH?) for erystal powders 


AH 


. Potassium dihydrogen arsenate 


2. Potassium dihydrogen phosphate 


bo bo 


3. Ammonium dihydrogen arsenate 
4. Ammonium dihydrogen phosphate 


5. Sodium dihydrogen phosphate 
3. Calcium hydrogen phosphate 
. Barium hydrogen phosphate 


8. Silver trihydrogen periodate 


22 
to 


. Ammonium trihydrogen 
periodate 
Potassium hydrogen phthalate 
11. Ammonium hydrogen phthalate 
12. Potassium hydrogen bis-p-nitro- 
benzoate 
13. Nickel dimethylglyoxime 
14. Potassium hydrogen bispheny!- 
acetate 3-6; 10-4 
15. Potassium hydrogen dibenzoate 4-9 
16. Sodium sesquicarbonate 4-0 
17. Potassium hydrogen maleate + 4-9 


* The values of second moments are too large because of saturation which could not be avoided. 
+In these cases it was not possible to separate the wings, therefore the data are uncertain and 
lence not listed. 


Fig. 9. Relative intensities of the derivatives of the proton magnetic resonance curves 

at room temperature (blank columns), and at 170°C (shaded columns). The intensity of 

potassium dihydrogen arsenate has been taken as unity. The numbers on the abscissa 
refer to the numbers of compounds in Table 1. 


B. Infra-red spectra 
They were recorded with a Perkin-Elmer model 21 spectrophotometer 
equipped with an NaCl prism. The samples were mulled in Nujol and hexachloro- 


butadiene, respectively. The deuteration was effected by recrystallization from 


20°C 170°C 20°C 170 C 
34 37 2 28 
41 3-8; 23 9 t 
+3 3-9; 22 t 
3-3 4-6 45 
2-9 3:3 ‘7 1-8 
3-7 44 ‘2 24 
22-6 5 43-6 
+ 
9-2 3-3 7-0 
1-6 + 
2-1 7:8 
3 *10-0 *9-9 
*4.4 + 
err? 
VUlie 
+ 16 
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or 


Temperature, Cc 


Fig. 10. Proton magnetic resonance line widths of silver (a) and ammonium (b) trinydrogen 
periodates at temperatures ranging from 170° to 25°C, 


88 


crr' 


Figs. 11 to 15. Infra-red spectra of calcium hydrogen phosphate (Fig. 11), barium hydrogen 

phosphate (Fig. 12), sodium hydrogen bis-p-nitrobenzoate (Fig. 13), sodium sesqui- 

carbonate (Fig. 14), and deuterated sodium sesquicarbonate (Fig. 15). Solids mulled with 
Nujol and hexachlorobutadiene, respectively. 


The spectra are reproduced in Figs. 11-15, The positions of the main bands 
(in em~") are as follows: 

Calcium hydrogen phosphate. 2870; 2560; 1630; 1345; 1062; 998; 

Barium hydrogen phosphate. 2650; 2390; 1735; 1259; 1064; 982; 


857 


a 
| | 
| 
(a) 
| 
= | | | 
— 
| 
| 
150 
= 100 50 fe) 50 100 150 
hie 
3 
8 8 8 
| 


R. Burxe and Hapii 


Potassium hydroge n bis-p-nitrobe nzoate. 3070: 2425: 1910; 1682; 1625; 1580; 
1520: 1400: 1385: 1345; 1318; 1305; 1288; 273: 1164: 1108; 1013; 876; 
859: 837: 796: 792; 719; 6953. 

Sodium sa squicarbonate. 8480: 3060: 1680: 1458; 1185; 867; 850; 678. 

Sodium se squicarbonate, deuterated, 2570, 2270; 1450; 1150: 867: S48; 668. 

The most interesting feature of the spectra of substances nos. 1 to 12 are the 
two bands near 2800 and 2360 em, (italicized). There is no doubt that they are 
analogous to the bands with similar frequencies analysed in detail in the spectra 
of potassium and ammonium dihydrogen phosphates and arsenates [4], and 
phthalates | 11}, respectively. 

It was shown in [4] and [11] that these two bands are due to the OH stretching 
vibration, the energy levels being split due to the tunnel effect. The above new 
examples are interesting in that they have molecular and crystal structures 
different from the previously studied ones and thus help to eliminate other possible 
causes of the appearance of two yo, bands, such as coupling of identical oscillators 
in a molecule or crystal unit, and overtones. 

Potassium hydrogen bis-p-nitrobenzoate presents an interesting counterpart to 
the previously investigated potassium hydrogen bisphenylacetate and dibenzoate 
6). The spectrum of the former, like the above-mentioned compounds and also 
the hydrogen phthalates 11). contains two distinct bands at 1910 and 2425 
em. From the rest of the spectrum it is not difficult to pick out the bands 
characterizing the COOH and the groups, i.e. 1682 cm"; coo 
1590 do, 1385 1388 yoy 1013 The simultaneous 
appearance of both sets of bands and of the two vo, bands can be explained by 
assuming that the proton is moving in a non-symmetric, double-minimum, 
potential field, and this is in agreement with the preliminary results of the X-ray 
crystallographic work which shows that the protons cannot be in centrosy mmetric 
positions 12}. 

The infra-red spectrum of sodium sesquicarbonate is of a definitely different 
type. According to the results of diffraction analysis [13, 8] this compound should 
contain two types of hydrogen bonds: one connecting the water molecules to the 
carbonate oxygens and being weaker than the other which bridges the carbonate 
atoms between themselves across the centre of symmetry. The latter hydrogen 
bond is, at least crystallographically, of the symmetric type and very short [8]: the 
O--+O distance is 2-50 A. Returning to the spectrum, the bands at 3450 and 
3060 em~! may be safely identified with the stretching of the hydroxy! groups in 
the weaker bonds, but at first glance no appropriate candidate for the stretching 
vibration of the strongly bonded hydroxy! groups can be found in the region above 
1700 em. However. the deuteration shift of the band at 1680 cm suggests that 
the OH stretching frequency should be looked for in this region. It cannot be 
simply located as it appears to undergo vibrational coupling to the asymmetrical 
stretching mode of the carbonate ion. Thus the spectrum of sodium sesquicar- 
bonate shows features similar to the spectra of some acid salts of carboxylic acids, 


11!) D. Hapé: and A. Novak, Bull. Sci. Yugoslavia 4, 40 (1958). 
1. C. SpeakMAN. Private communication (1959). 
131 C. J. Brown, H. 8. Peiser and A. Turner-Jones, Acta Cryst. 2, 167 (1949). 
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preliminary work on which has been published earlier [6]. The neutron diffraction 
work shows that in both cases the situation about the hydrogen bond is similar, 
admitting the possibility of the symmetric bond. The spectrum of potassium 
hydrogen maleate [14] is also devoid of any hydroxyl band in the usual place and 
recent neutron diffraction work has made here the symmetric hydrogen bond 
probable [15]. To sum up, the infra-red spectra of sodium sesquicarbonate and of 
the potassium hydrogen bisphenylacetate, dibenzoate and maleate constitute a 
group different from the first described one and are characterized by the unusually 
low frequency of the vo, stretching. The details of these and related spectra will be 
treated in a separate paper. 


Discussion 


The facts that the signals obtained with the substances nos. 1 to 12 show the 
transition of the line width and that the signal is very strong even at low tempera- 
ture may be taken as a proof that there is present some protonic motion. The 
second moment of KH,PO, at room temperature is already smaller than calculated 
for a model with the proton fixed between the two oxygens (calculated 3-23 G*, 
measured 2-8 G*; similar results were obtained also by Newman [10]), but the 
difference is small and the first-mentioned proof of the motion is more important. 
The increase in line width is small and this, taken together with the above- 
mentioned small difference between the calculated and observed second moment 
indicates that the amplitude of the motion is small compared to the interprotonic 
distance. We shall consider now in more detail the nature of this motion which 
doubtless consists in a switching of the protons from one minimum-energy position 
to the other. If this has the character of tunnelling then the reorientation frequency 
is just the average frequency of tunnelling and equals 
Av exp EB. kT’) 


exp | kT’) 


E, is the average energy of the ith level, a, is the probability of the proton being 
at the ith energy level and Av, ,, is the effective reorientation frequency at the ith 
level. The latter is defined by Av, ,, = Av,.p(£,). The empirical factor p(/,) has 
values between 0 and 1 and is related to the effective asymmetry of the force field. 
This asymmetry has to be introduced to account for the interdependence of the 
motions of various protons within a unit cell or larger crystal domains. Indirectly, 
p(E,) is a measure of the coupling with lattice frequencies. This factor is tempera- 
ture independent, therefore it does not influence the qualitative dependence upon 
temperature of the correlation time +, which characterizes the motion and which 
will be discussed below. The relation between p(/,) and the effective asymmetry of 
the potential field may be written as 


Av? 
Ay? + A? 


p(E£,) 


[14] H. M. E. Carpwe tt, J. D. Dunrrz and L. E. Once, J. Chem. Soc. 3740 (1953). 
[15| S. W. Pererson and H., A. Levy, J. Chem. Phys. 29, 948 (1958). 
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The energy levels and their splittings are obtained from calculations based on the 
double-minimum model of the hydrogen bond [4]. They are a function of the 
which depends upon the mass of the tunnelling 
vibration frequency and the half distance 
between the two minima. In Table 2 numerical results are reproduced of the 
calculation of the tunnelling rate at five different temperatures as well as the related 
log r, values. The calculation is based on the value 2-2 of the parameter q and 


500 em of the asymmetry factor A. The latter has been taken so as to fit the data 
relative to the line-width transition of KH,AsO, and the vibrational splitting. 


(dimensionless) parameter 4, 
particle, the average (harmonic) 


Table 2 


Ar, , TF 200K T 300K T 400K T 500 K 


in Fig. | was drawn using the numerical results obtained. We note 
is represented by a line which is straight at 


The curve 
that the log r, dependence upon | T 
which curves down at lower temperature. The curve 


higher temperatures and 
shows that at low temperature the reorientation time is nearly independent upon 
With the parameters selected the theoretical curve fits exactly the 
experimental curve obtained by Newman [10] with KH,PO,. This agreement is a 
proof that the assumption of the tunnelling motion was correct. Although the 
other examples studied experimentally here were not subject to a quantitative 
erature dependence of the line w idth allows grouping 
In addition to the model assuming tunnelling we 


temperat ure. 


treatment the analogous tem} 
them together with KH,PQO,. 
may consider the classical, temperature-activated switching of the protons. Here, 
the relation between log +, and the inverse temperature 1/7 should be represented 
by a straight line according to the expression 7, = const. # exp (E'/kT') but this is 
quite different from the experimental result. 

As an interesting corollary to the conclusion just reached, the fact that the 
temperature of the line-width transition does not coincide with the Curie 
temperature should be mentioned. This shows clearly that the ferroelectric 
transition is not connected with a “freezing” in of the protons in a single-well 
potential, but that the motion also continues below the Curie point. Turning our 
attention to the infra-red spectra which show two OH stretching bands, we note 


that they belong to the same lot of substances as those of which the PMR signals 


S60 


Av, p(E,) a, Av; o¢/ 
(cm 
150 5 10 1-84 ‘ 
10-24 10-10 0-04 12-2 = 
» Os, 
10° sec 147 ] 6 
4 1906C 
‘ 0-38 0-87 1-88 
log (r 10%)(sec) 0-83 0-82 
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have just been discussed and were shown to owe their characteristic shape and 


temperature behaviour to the tunnelling of protons. The appearance of two yr, 
bands has been already explained on the same basis [3, 4]. 

We may proceed by examining the signals of the second group of substances 
which are very weak. This fact indicates that the saturation with r.f. power sets 
in very soon, apparently due to lack of relaxation mechanism. This may be taken 
as evidence that there is no protonic motion with appropriate correlation time. 
The protons seem to be fixed in a single potential well which could be either 
central or unsymmetric. However, the extremely low-frequency OH stretching 
vibration demonstrates that the protons are far from the oxygen atoms, hence the 
first alternative appears to be the correct one. This is also in agreement with the 
crystallographic data [9, 15, 16], particularly those obtained with neutron 
diffractions. 

It is interesting to examine some individual compounds. Potassium hydrogen 
bisphenylacetate was examined some years ago by SPEAKMAN [16]. The symmetric 
hydrogen bond, postulated by this author appeared rather improbable in view of 
the relatively long O - - - O distance (2-55 A). The following infra-red investigation 
[6] made a strong point in favour of such a bond and the subsequent study by 
neutron diffractions supported it, although it was not conclusive [9]. Now the 
combined infra-red and PMR. results are definitely in favour of the symmetric 
hydrogen bond and the latest work with neutron diffraction at low temperature 
seems to settle the problem finally [17]. In contrast to this type of hydrogen- 
bonded acid salt is the one represented by potassium hydrogen bis-p-nitrobenzoate, 
where both the infra-red and PMR measurements have shown that the protons 
execute a tunnelling motion. 

Nickel dimethylglyoxime remains an open problem. The opinion of RuNDLE 
and PARASOL [18] that this compound contains symmetric hydrogen bonds has 
been challenged by the present writers [19], but it could not be decided whether 
there is tunnelling of protons or not. The NMR results are also inconclusive 
because of the interference with the motion of the methyl groups. The results of 
X-ray work on CaHPO, appeared at first sight to exclude the presence of short 
hydrogen bonds [20] if these were taken statically. But there are also short 
O---O contacts (2-48 A) and, if tunnelling protons are supposed to hold them, the 
symmetry group established might be preserved. A re-examination of the crystal- 
lographie work would be desirable in view of the present results. 

Finally, the relationship between the type of the hydrogen bond and the 
O-+-O distance should be briefly considered. It might be expected that the 
hydrogen bonds with the longer O---O distances would belong to the double- 
minimum type whereas those with the shortest O ---O distances would be of the 
symmetric single-minimum type. Now in KH,PO, and the related compounds 


the distance is 2-48 A or so, whereas it is 2-50 to 2-54 A in sodium sesquicarbonate, 


SPEAKMAN, J. Chem. Soc. 3357 (1949). 
Private communication (1959), 
_E. Runp.ie and J. Parasor, J. Chem. Phys. 20, 1487 (1952). 
R. Burne and D. Hani, J. Chem. Soc. 4536 (1958). 
(20) C. A. Beevers and G. MacLennan, Acta Cryst. 8, 579 (1955). 
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potassium hydrogen bisphenylacetate, and related compounds with symmetric 
single-minimum hydrogen bonds. In potassium hydrogen maleate [15] the 
0 - ++ O distance is short (2-43 A), but this case differs from the former ones in that 
the bond is intramolecular. Apparently there is no simple relationship between 
the O - -- O distance and the shape of the potential function of the hydrogen bond 
for very short bonds, provided the distances quoted above are correct. It could 
be well imagined that with short hydrogen bonds the charge distribution in space 
does not depend only upon the oxygen orbitals but is influenced strongly by the 
cations. The simple triatomic models of the hydrogen bond adopted usually for 
semiquantitative treatments are insufficient for such cases and the co-operative 
effects must be taken into account. However, before entering such a complex 
problem we ought to have the distances checked. 


Conclusions 

For a number of crystalline compounds containing short hydrogen bonds the 
characteristic features of the infra-red spectra and the nuclear magnetic resonance 
signals, respectively, match closely and allow the respective hydrogen bonds to be 
divided into two types. In one type, both methods demonstrate that the protons 
are tunnelling between two minima of potential energy. For the other type both 
methods are complementary in proving that the proton is midway between two 
oxygen atoms and that it does not move appreciably. There does not seem to 
exist a simple relationship between the possession of a compound of one or the 
other type of bonding, and the length of the hydrogen bond. 
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Misidentifications in the arc spectra of the rare earths* 
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Institute for Atomic Research and Department of Chemistry 
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(Received 18 January 1960) 


Abstract 


lines of the rare-earth elements. These errors consist of either misidentifications of the spectral 


The MIT Wavelength Tables contain a number of errors in the listing of the emission 


lines or discrepancies in the assigned intensities. Both types of errors apparently arose from 


the unrecognized presence of rare-earth impurities in the rare earths whose spectra were 


investigated. These misidentifications are listed in tabular form along with the correct 


assignments as determined by a careful examination of the spectra of highly purified rare earths. 


In THE course of developing spectrographic methods for the analysis of the rare- 
earth elements, a number of errors in the MIT Wavelength Tables [1] have come 


to the attention of the authors. These errors consist of either misidentifications of 


the spectral lines or discrepancies in the intensities assigned to the lines. Both of 
these errors were apparently caused by the unrecognized presence of rare-earth 


impurities in the rare earths whose spectra were investigated. 


To the spectroscopist these errors can be very misleading. For example, 


erbium lines are listed coincident with almost every sensitive dysprosium line. In 


reality, most of these lines originate from a dysprosium impurity in the erbium 
used in obtaining the spectra. These errors would definitely hinder both the 


spectroscopist searching for an interference-free analytical line and those 


attempting to classify the various rare-earth spectra. A few of these errors have 
been listed by Smirx and Wicerns [2] and a large number, especially in the erbium 


spectrum, have been tabulated by Garrerer and JuNKEs |3}. 


In order to establish whether or not the lines in question were correctly 


identified, spectrograms of highly purified rare-earth fractions from ion-exchange 


columns were studied. In this manner it was possible to follow the lines of the 


impurity elements through successive fractions until they either disappeared or 


leveled off at an intensity representative of underlying lines of the matrix rare 


earth. In addition, spectrograms of previously analyzed rare-earth oxides which 


were known to be the purest obtainable were examined for possible misidentitied 


lines. 
The spectra were all photographed on a Jarrell-Ash 3-4 meter grating spectro- 


graph equipped with a 600 lines/mm grating. The rare-earth oxide was mixed 1 : | 


* Contribution No, 816. Work was performed in the Ames Laboratory of the U.S. Atomic Energy 
Commission. 
[1] G. R. Harrison, M.J.7. Wavelength Tables of 100,000 Spectrum Lines. Wiley, New York (1939). 
[2] D. M. SMITH and &. M. WIGGLNS, An ilyst 74, 95 (1949 
[3) A. GarreRER and J. JunKkEs, Spektren der Seltenen Erden. Specola Vaticana, Citta del Vaticano 
(1945). 
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with graphite and exposed using the electrode system, external optical system and 


source conditions previously described [4]. 

A listing of the lines which are either misidentified or whose intensity assign- 
ments are erroneous is found in Table 1. Columns | to 3 show the lines and 
intensities as listed in the MIT Wavelength Tables. Unless otherwise indicated 
under “‘Remarks”’ (column 6), columns 4 and 5 list the lines of the impurities which 
gave rise to the misidentifications or erroneous intensity assignments. GATTERER 
and JunKes [3] and Smrrx and Wieerns |2] have previously questioned many of 
the MIT identifications and intensities, and these cases are indicated by appropriate 
initials in the remarks column. In many cases the assignments made on the basis 
of the Iowa State University spectra agree with the original MIT assignments even 
though questioned by GarreReR and JuNKEsS or SmitH and Wieerns. These are 
included in Table | in order to remove any doubt as to the validity of the original 
MIT assignment. The intensity assignments made by the authors in Table | are 
based on visual estimations using the MIT intensity assignments of neighboring lines 
as a basis. The terms ‘“‘weak’’ and ‘faint’ under ‘“‘Remarks’”’ refer, respectively, 
to relative intensities of approximately one, and much less than one. 


Acknowledgements—The authors wish to express their gratitude to Dr. F. H. SpeppinG and 


his associates for supplying the purified rare earths. 


f4) V. A. Fasser and H. A. Wicnevom, J. Opt. Soc. Am. 38, 518 (1948). 
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Legend to Table 1 
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The vibrational spectra of the compounds POCI,-AICl, and POCI,-GaCl,* 


H. Gerpine, J. A. and E. R. vAN pER Worm 
Laboratory for Inorganic Chemistry of the University of Amsterdam 


Abstract—The results of a Raman-effect study of the molecular compounds P¢ 1,-AIC], and 
POCI,-GaCl, in the liquid state are discussed in detail. 

They are best explained by the assumption that in the binary compounds the two composing 
molecules are bound through the oxygen atom of the POCI, molecule and that no transfer of a 
chlorine ion as it occurs in nitrosyl chloride compounds takes place in the compounds studied 
here. 


IN RECENT years much attention has been given to the study of the structure of 
many compounds considered to represent so-called addition compounds of two 
inorganic molecules and formerly simply written as such, e.g. NOCI-AICI,; 
HNO,-280,; POCI,-AICI,. etc. The application of physical methods of structure 
determination has been most helpful in arriving at a better understanding of the 
atomic arrangement in these compounds, the preparation of which has already 
been described long ago in most cases. 

Among these methods, X-ray analysis, Raman and infra-red spectra and in 
recent times nuclear magnetic resonance have proved to be important tools in the 
revealing of finer configurational details. Physicochemical methods such as electrical 
conductivity and the determination of titration curves in non-aqueous solvents 
have been of much value too, in the hands of, for example, GROENEVELD ef al. 
and GuTMANN and co-workers, in arriving at a better understanding of the 
properties of these binary systems. 

For the application of Raman (and in some cases infra-red) spectra we may for 
example refer to some work done in Amsterdam and summarized in papers at the 
occasion of international congresses on spectroscopy or inorganic chemistry | 1}. 

To cite a few out of many examples: HNO,-2SO, has been proved to possess 
the structure NO,*HS,O0,-; N,O,-38O0, has the ionic structure (NO,*),S,0,,? 
NOCI-AICI, is intermediate in structure between the ionic formulation NO* AICI, 
and the simple addition structure ONC! -- AICI, with the contribution from the 
ionic structure preponderating. 

The case of nitrosyl chloride deserves a somewhat closer consideration. 


The N—C! distance in this bent molecule is abnormally large (1-95 A). This means 


that resonance between the covalent configuration N—O and an ionic one {|N==O} | 
takes place [2]. 


The abnormally large distance between N and Cl in ONCI is in accordance with 
the apparent tendency this compound displays to give off a chloride ion, which 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna 
1959; manuscript received January 1960. 
{l} H. Gerpine, J. phys. 15, 406 (1954); Rec. trav. chim. 75, 589 (1956). 
2) J. A. A. Kerecaar, Die Chemische Bindung p. 227. Elsevier, Amsterdam (1952). 
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may be taken up by molecules such as AICl,, SbCl, under formation of AICI,~ 
and SbCl,~, respectively. The unipositive nitrosyl! ion NO* then remains. ‘This ion 
is characterized by a vibrational frequency which is much higher than the one of 
the NO group in NOC! or in gaseous NO itself. The frequency for “NO” 
in NOC! (1800 em~!) is—in accordance with the resonance structures for nitrosyl 
chloride—much higher than for “NO” in the nitrite group ONO in alkylnitrites 
~ 1640) [3]. whereas the frequency which is (more or less) characteristic for “NO” 
in nitroso compounds is still lower (between 1176 and 1297 for aliphatic nitroso 
compounds as follows from infra-red absorption measurements and between 1248 
and 1299. or higher in some cases, for aromatic nitroso compounds) [4]. One has 
in fact to deal with “ionie compounds” NO*AICI,~, NO*SbCI,~ in these cases. 
It should be remarked, however, in order to avoid confusion so manifest in many 
cases. that the term ionic for these and other compounds has to be used with the 


necessary caution. If one considers the vibrational frequency of “NO” or of 


free NO* in a number of nitrosyl compounds one finds a more or less gradual 
transition from the value for “‘v(NO)” in NOCI (1800 em~!) or NO (1862-5 em ') 
to the much higher value in nitrosylhydrosulphate NO*HSO,~ (2340 em 
which evidently belongs to the (almost) unintluenced [|N=O|]*-ion. Still somewhat 
higher frequencies have been found by SHARP in some nitrosyl compounds 
containing fluorine [5] and by ourselves in NOCI-SO, [6].* For NOCI-AICI, the 
corresponding frequency is distinctly lower (2236 cm \) which has to be inter- 


preted as proving that this compound is intermediate in constitution between 


C| 
NO-AICI,~ and ONC]-- The same result is valid for NOCLSDCI, in 
* 


which the NO-frequency has the value 2221 cm 

There are. therefore, reasons tor considering NOCIO, NO I, NOW ESbCL, 
and others as more or less ionic compounds. It should be realized that one ts not 
concerned in reality with completely ionic compounds in these cases, but with 
compounds in which the contribution from the ionic configuration to the true one 
a contribution which is different from c« mpound to compound) is so to spe ak at 
the ionic form. as inferred from their “NO” frequency exceeds 50 per cent 
considerably. The data for the “NO” frequencies show that not a continuous 


series of frequencies between LSO00 and 2380 1s present but that in a series of 


compounds the frequencies exceed 2180 em~!, whereas for some other compounds 
NOF. NOBr. et: the frequencies are below 1900 cm~!. There ts apparently 
no gradual transition from one bonding type to the other. One may think of the 


chlorine ion as bound to N at one side and to, for example, Al (in NOCI-AICI;) at 


* For s Non st) me finds three NO frequen ies (as Raman shifts) at 2303 (25, sh); 


2338 


6 ! 

W cH, Har ui / Jahrbu ler chemis hen Phyail Bd \kademische 
Verlagagesellschaft, Leipzig (1943 

4) W. LurrxKe, Z. El hem. 61, 976 (1957 

D. W. A. Suarpe. Personal communication 

6) H. Gi and H. Gispen, Re trav. chim In press 

7 H. GERDIN« und H HouTGRAAF., Ree fra chim 7a, 2 1053 


Unpublished Raman results from out laboratory. 
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the other side: O—N--*-Cl--*+ AlCl The bond between N and Cl may be 
Cl 
characterized by a force constant f,, the bond between Cl and Al by /,. Their 
frequencies are coupled with each other. For f, » f, one has frequencies belonging 
to an “ionic” compound; for f/f, » f, one has practically to deal with the covalent 
compound. 

A further conclusion may be drawn for the NOC! addition compounds with 
inorganic chlorides or other inorganic molecules, namely that the co-ordination 
between both molecules takes place with the help of the chlorine of the NOC! and 
that the oxygen does not play any important role in this sense. This situation 
appears to be clearly different from the one for phosphorus oxychloride OPCI, 
(cf. an excellent article on POCI, and its compounds [9}). 

In this article the results are put forward from a Raman (and infra-red) study 
of the compounds POCI,-AICI, and POCI,-GaCl,. 

The fusion-point diagram of the binary system of POCI, with AICI, has been 
determined by GROENEVELD and ZuuR |10] by thermal analysis. Their results 
show the presence of a slightly dissociating compound of composition POCI,-AICI, 
(melting point 186-5°C). The compounds POC!,-GaCl, (melting point 118-5°C) 
and 2POCI,-GaCl, (melting temperature about 77°C) have been described by 
GREENWOOD and WapE {11}. 

Preparation 

(Merck, boiling-range 107-5—108-5, pro analyst) having been distilled a few 
times in an all-glass apparatus is finally distilled into a calibrated conical vessel, 
kept at a well-defined temperature, up to a certain mark, in order that the 
amount of POC, in the vessel corresponds to that required for the formation of 
a 1:1 compound with the aluminium trichloride (or gallium trichloride) present 
in a second vessel |12].* Both vessels are connected by a glass tube containing 
a thin glass wall. Contact between the POCI, in the first and the metal chloride 
in the second vessel is established by breaking the glass wall between the two 
vessels in vacuo. 

The POC, is then slowly distilled on to the solid metal chloride after which a 
capillary in the tube connecting both vessels is fused off, so that the mixture 
of solid AICI, (or GaCl,) with POC, is enclosed in a vessel of relatively small 
volume. Part of the Ga,Cl, dissolves in the POCI,. By heating the mixture a 
homogeneous mass is obtained which corresponds to the 1:1 compound. The 


molten substance is finally poured into the Raman tube after a glass window 


between vessel and Raman tube has been broken. 


* Aluminium chloride has been prepared in the manner described in former publications {12}. For 
gallium trichloride compare {13}. Known amounts of AICI, or GaCl, have been obtained in the re 
action vessel in the manner described in [14], 


19) V. GuTMANN and M. Baaz, Z. anorg. Chem. 298, 121 (1959); Z. Angew. Chem. 71, 57 (1959). 
110) W. L. Groenevecp and A. P. Zuur, Rec. trav. chim. 76, 1005 (1957). 
|11) N. N. Greenwoop and K. Wane, J. Chem. Soc. 1516 (1957). 
(12) H. Gerpine and H. Houreraar, Rec. trav. chim. 72, 21 (1953); H. Houreraar, Thesis, Amsterdam 
(1954). 
[13] H. Gerpine, H. G. Harine and P. A. Renes, Rec. trav. chim. 72, 78 (1953). 
(14) H. Gerpine and H. Houreraar, Rec. trav. chim. 78, 760 (1954); 72, 31 (1953). 
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Raman spectra have been taken for both compounds in the liquid state (for 
POCL,-AICL, at about 210°C; for Pt '1,-GaCl, at about 130°C). 

The Raman tube is fixed in an electric furnace of special construction, 
possessing a glass window at both sides to enable the illumination of the liquid 
compound by the light of Philips mercury vapour lamps filtered through saturated 
sodium nitrite solution. The spectrograph is a Huet B IT glass spectrograph. 
The spectra are taken on Ilford H.P.S. plates. 

The Raman results are*: 

POCI,-AICI,. liquid at 210°C. 95 (e, 5) ~105 (e. 10. br, unsh); 171 (+e, 3); 
208 (+e. 6. sh-): 250 (+e, 4, sh~);t 323 (+e, 9, sh~): 365 (e, 1): 389 (+e, 5, 
unsh): 449 (-e. 4. unsh); 497 (e, 1); 576 (e, 5, br, d);= ~637 (e, 3, br, d):8 
TOL (e. 4. sh-); 830 (e, 1, sh). 

liquid at 130°C. 97 (e, 6, 0-49); 107 (e, 7, 0-40); 143 5, OSS); 
207 (--e. 4. 0-36); 221 (e, 2, 0-64); [247 (e, O*)]; 283 (e, 9°); 302 (+e, 4, 0°54); 
222 1): 363 f, 12, 0-25); 406 2-3, p!): 422 (+e, 3, p!); 527 (+e, 5. 
sh-. 0-5): 623 (e, 1-2); 643 (e, 1-2); 692 (e, 2, unsh): 858 (e, 1-2, sh~). 

In this case polarization measurements have been made for the stronger Raman 
lines. The results are enclosed in the parentheses after each frequency. 


Infra-red absorption measurements 

Whereas in the case of these very hygroscopic substances, which may undergo 
a rapid hydrolysis, the Raman effect has the distinct advantage that the preparation 
of the compounds and their investigation can take place in closed tubes with 
the exclusion of moisture from the atmosphere, this is not true for infra-red absorp 
tion measurements. It seemed worthwhile, however, to try to arrive at a determi- 
nation of the infra-red absorption of the compounds in KCI pellets. 

A tube containing POCI,-GaCl, or POCI,-AICI, is rapidly opened in a dry box 
and some substance transferred into a stoppered bottle. This bottle is kept in the 
dry box for a few days together with the matrix for the preparation of a potassium 
chloride pellet. A loose pellet of KCI and Pt '1,-AIC], (or POCI,-GaCl,) has been 
made in the dry box. This is taken rapidly out of the dry box and pressed 
immediately, and the infra-red absorption measured. The pellet remains clear 
and transparent for some days when kept in the dry box. The absorption has been 
measured in a Perkin-Elmer single-beam instrument in the rock salt region, this 
being the only instrument available at the time.* In POC!,-AIC], absorption is 


found at 690 em~! (ww); 850 (m, br); 1030 (w); 1120 (m. vbr); 1260 (w. br); 
1640 (vst): 3075 (st): 3325 (st). In POCI,-GaCl, absorption exists at 1050 (w); 
1100 (m, br 1290 (st): 1620 (vst): 3550 (m). 


In a KC! pellet with less POC],-GaCl, the intensity of the 1290 em~! absorption 
band diminished considerably in intensity, whereas the other absorption bands 
were almost as strong as in the pellet containing a larger amount of the absorbing 


* sl harp; unsh unsharp; br broad; d diffuse; e $358-34 A; intensities represent 
visually estimated intensiti 
There are some indications for a splitting up of this line into two lines at about 236 and 260 em 
This follows from an exposure ot short duratior 
* Do we have two separate lines at 566 and 578 em ~' here 


$ A splitting up of the 637 Raman line into Raman lines at 628 and 644 cm 1 cannot be excluded. 
€ Our thanks are due to Prof. KeTe.aar for putting the fac ilities of his laboratory at our disposal 
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compound. This makes a safe conclusion about the significance to be attached to 
the presence of the 1290 em~! band much more difficult. 


Discussion of Raman results 

The following possibilities seem to exist for an interpretation of the Raman 
(and infra-red) data for POCI,-AIC], and POCI,-GaCl, in terms of their molecular 
structure, especially in the liquid state. 

(a) The compound is partially or completely dissociated into its composing 
molecules. In this case the (stronger) Raman lines of POCI, and Al,Cl, (or Ga,Cl,) 
may be expected to occur in the Raman spectrum of the compounds. 

The strongest Raman lines of POCI,, i.e. 1290 (10) and 486 (10) are absent in 
the Raman spectrum of both compounds. The strongest Raman line of Al,Cl, 
(i.e. 340) is not found in the Raman spectrum of POCI,-AICIl,. The strongest 
Raman line of Ga,Cl, is at 410 cm~!. In the Raman spectrum of liquid POCI,-GaCl, 
a polarized line at 406 cm~' is present, which differs slightly in frequency from 
the 410 cm~ line in Ga,Cl,. As there are no other common frequencies in the 
spectra of POCI,-GaCl, and Ga,Cl,, however, the conclusion seems to be warranted 
that the coincidence of 406 with 410 is accidental and not caused by a common 
molecular species. Assumption (a) has to be discarded for these reasons. 

(b) A second possibility might exist in the transfer of a chlorine ion from 
POC], to the acceptor molecules “AICI,” or “GaCl,”. By this transfer ionic 
compounds POC],*AICI,~ and POCI,*GaCl,- would be formed. For such an 
ionic compound the Raman spectrum should contain six frequencies caused 
by POCI,* (plane, symmetry C,,) and four derived from tetrahedral AICl,~ or 
GaCl,- (symmetry 7',). In all ten frequencies should occur, belonging 
to four p and six dp Raman lines. The number of frequencies we find in both 
liquids exceeds ten very clearly, and the polarization measurements for POCI,-GaCl, 
indicate the occurrence of a great many polarized and only one Raman line that 
definitely appears to be depolarized. These results are not at all in agreement 
with the numbers predicted for an ionic compound POCI,*GaCl, 

The group POCI,* is isoelectronic with OSiCl, (and OCCI,), so that a close 
resemblance between the spectra of POCI,* and OSiClI, should exist. Unfortunately 
no vibrational frequencies are known—as far as we are aware—for OSiCl,, and 


the “O=-Si” vibrational frequency seems to be unknown too, so that a comparison 


cannot be made. It may be expected, however, that the “P—O” frequency 
in POCI,* surpasses that in OPCI,. No indications are found in the Raman 
spectrum for frequencies lying in the neighbourhood of the highest 1290 em~! 
frequency of POCI,, however. 

The highest frequency in POCI,-GaCl, seems to be at 858 em~!; in POCI,-AICI, 
it is at S380cm~'. All this makes the configurations POCI,*-AICI,~ and 
POCI,*GaCl,~ very improbable. A further argument against these configurations 
follows from the depolarization ratio p of the strong Raman line 363 cm~! in 
POCI,-GaCl,. The p for this Raman line is about 0-25. If we had to do with 
POCI,*GaCl,~, with 363 representing the totally symmetric vibration of GaCl,~,* 

* Also, in other respects, differences are present between the Raman spectrum of POCI,-GaCl, and the 


frequencies derived by Woopwarp ef a/. [15] for GaCl,~ in liquid Ga,Cl, (Ga*GaCl,~); Woopwarp 
finds: 115 (st, dp); 153 (w, d, dp); 346 (vs, sh, p); 380 (ww, d, dp). 
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its depolarization ratio should not differ much from about 0, 05-0, | (theoretically 


zero). This is certainly not true. It seems more logical to ascribe the strong . 
363 cm! Raman line to the group GaCl,, deformed from plane to pyramidal ; 
through addition of an oxygen from POCI, to the gallium atom, rather than : 
to GaCl, here : 


\ssumption (b) too does not lead to a satisfactory agreement between 
experiment and theory. 

(©) Compound formation between POCI, and AICI, (GaCl,) takes place by 
co-ordination of the oxygen from POCI, with the metal atom leading to C1 ,POAICI,, 
etc. Here four-co-ordination is then established for the metal atom and it is 
still present for phosphorus, in agreement with the co-ordination generally found 


for these atoms. 


The vibrational frequencies for Cl,P AICl,, in which compound double- 
bound oxygen is thus absent, may be very roughly divided into frequencies 


belonging to vibrations in “PCI,”, “AICI,” and of the bridge Cl,P AIC|,. 
The “PCI,” and “AICI,” frequencies are low, presumably below 600 cm ' as may 
be inferred from the frequencies of PCI, (maximum 484) and of |, (resp. Ga, Cl,) 
(maximum in Al,Cl, 606 em~! and in Ga,Cl, 542 em~'). 

The oxygen bridge configuration gives rise to two stretching frequencies 
comparable with those of the symmetrical and antisymmetrical vibrations in the 

symmetric configuration Y Be 

In dimethyl ether, these are at 940 (symm.) and 1122 cm"! (antisymm.) but 
here the Y-groups are considerably lower in mass than in our case. For the group 


oO 


P in P,O,C\,* 


Cl 
one has as frequencies below the single PO frequency at 1312 em™' (p') and 
above a Raman line at 649 cm~! two Raman shifts at 806(2) and 713(5) em™. 
The last one is weakly polarized; the p-value of the 806 line could not be determined 
with certainty. It could belong to the antisymmetrical and 7153 to the symmetrical 


vibration of “P 
In 8,0,Cl, [17] one finds four Raman shifts above 592 em '. Two of these 
1446 (2), 0-80) and 1221 (5, 0-08) belong to »,, and v, of the “S groups. 


* Our own frequency and polarization measurements for the Raman lines of POS], [16 
1S k \ Wooprwarkp,. G. GARTON and H L KoBERT* J. Chem. Soe 3723 (1056 
16! H. Gerprve, H. B. and J. G. van Rec. trav. chim. 79, 41 (1960). 


17) H. Gerprve and A. C. per Livven, Rec. trav. chim. 61, 735 (1942) 
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The vibrational spectra of the compounds POCI,-AIC], and POCI,-GaCl, 


The two remaining lines 773 (4, ~dp) and 716 (14, 0-17) are best explained as »,, 


and », of the “S S” bridge. The highest Raman shifts in POCI,-AICI, are 
at 830(1) and 701(4); those in POCI,-GaCl, are at 858(1—-2) and 692(2). A 
comparison with results discussed before seems to build an argument in favour of 
the oxygen bridged structure in POCI,-AICI, and POCI,-GaCl,. Our conclusion is 
that assumption (c) leads to the best agreement between the experimental results 
and the theoretical predictions as far as the Raman results are concerned. 

The less complete infra-red results which are, moreover, open to the objection 
that water may have played a role in the final results, show a weak and broad 
band at 1260 em! in POCI,-AICI, (in KCl) and at 1290 (of varying intensity) 
in POCI,-GaCl, (in KCl). 1290 agrees with the ““P=-O” frequency in POC, itself; 
the 1260 em~! band in POCI,-AICI, is lower. It is clear from the spectra jabsorp- 
tions at about 1640 (very strong) and above 3000 cm~| that water has influenced 
the results. Hydrolysis of the addition compounds and of the components may 
have taken place, giving rise, for example, to compounds with double-bonded 
oxygen at phosphorus. This makes conclusions based on infra-red absorption 
uncertain in our case. More importance is attached to the Raman results for 
these reasons and the conclusions deduced from the Raman spectra are maintained 
unchanged. 

There still exists the possibility that, as is found for some molecules, the 
structure of the solid differs from that of the liquid or that the solid can exist in 
two different forms. According to Kouprrz [18] PCI,F may be ionic or covalent 
in the solid state; the same is true for BF,-2H,O as follows from nuclear magnetic 
resonance measurements for solid and liquid. The structures of solid PCI,F and 
solid BF,-2H,O are dependent on the pre-treatment | 19}. 


Discussion of literature data 

According to GreeNwoop and Perkins [20], gallium trichloride and phos- 
phorus oxychloride react in the ratio 1:1 to give a stable compound POCI,-GaCl, 
The heat of reaction AH is rather low (10-17 kcal/mole). The compound is 
more stable than the corresponding bromine compound POBr,-GaBr,, melting 
temperature 154°C [21]. 

Much attention has been given to the structure determination of these and 
other POC], compounds [22]. Gutmann et al. made a Raman-effect study of 
solid POCI,SbCl, [23]. Their conclusion is that the Raman spectrum makes it 
probable that one has to deal with SbCI,~ ions in the solid, so that the structure of 
the compound should correspond to Pt Ml, SbCI,~. Lixnpeuist |24] has, in an 


18! L. Kouprrz, Z. anorg. Chem. 286, 307 (1956 


19) P. T. Forp and R. E. Ricwarps, J. Chem. Soc. 3870 (1956); R. E. Ricuarps, wour 16, 185 
(1057) 

N. N. Greenwoop and P. G. Perkins. J. Jnorg. Nuclear Chem. 4, 291 (1957 

°1| N. N. Greenwoop and I. J. Worrar., J. Jnorg. Nuclear Chem. 6, 34 (1058 

[22 eg V. GurmMann., Z. anorg. Chem 269. 270 (1052); N. N. GREENWOOD and K. Wane, J. Chem. Sor 


1516 (1057 
23) A. Mascuxa, V. Gutmann and R. Sroner, Monatsh. Chem. 86, 52 (1955 
24) Linpevist, feta Chem Scand 12, 134 135 1958): International Congres on lnorgqanu 


C'oordination om poun ils, London, 1959. 
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important contribution, studied single crystals of POCI,-SbCl, by X-ray analysis 
and arrives at the conclusion that oxygen is responsible for putting together 
both molecules 

There is no transfer of a chlorine ion as in similar NOC] compounds; the 
structure of the solid is represented by the formula Cl,POSbCI, [24]. Phosphorus 
keeps it four-co-ordination; antimony gets a six-co-ordination (5Cl and 10). 
In the interesting compound SnCl,-2SeOCl, the configuration probably is 
OSeCl, 


OSeC1, 


SueLpowx and Tyree [25] made an infra-red study of addition compounds of 


metal halides with POX,. They studied the influence the compound formation 
has on the frequency of the PO group. In (POCI,),TICI, rp_o, 1s equal to 1205; 
in (POCI,),SnCl, one finds rp 9, at 1215 em (the P—O frequency in POCI, 
itself is at about 1300 em~'). In compounds such as (Ph,PO),SnCl, the “P=” 
frequency is still lower (1125 em~'). In a later extensive publication SHELDON 
and Tyree [26] have made a study of the donor properties of POCI,, SeOC!,, 
CH,COCI, SOC, and VOCI,. First of all, binary fusion point diagrams have been 
determined for combinations of these compounds with, e.g. AsCl,, SiCl,, SnCl,, 
TiC], and CCl,. Ina number of systems, binary, more-or-less dissociating, compounds 
are found. Thereafter the infra-red absorption spectrum of the binary compounds 
has been measured in paraffin-oil ‘mulls’, taking all precautions to exclude the 
influence of moisture as much as possible. The influence on the frequency of the 
oxygen bound to P, Se, C, 8 and V (in the compounds POCI,, OSeCl,, CH,COCI, 
OSCI, and VOCI,) by mixing the pure compound with acceptor molecules has been 
studied in particular Whereas roo: Yeo, and ryo, are not influenced, ¥, pe) 
and y< , undergo strong changes in frequency upon mixing with TiCl,, SnCl,. 
In fact the PO and SeO frequencies decrease more or less in frequency. 

Finally, attention will be drawn to further experiments carried out in Uppsala 
by Lixpeuist and co-workers [27]. Raman spectra of POCI, have been taken in 
liquid mixtures with other compounds (e.g. CCl, C,H,Cl,, AsCl,, 
C,H.COCI and SbCI,), giving rise to weak interactions which result in only minor 
frequency shifts ete. Also systems AsCl,—POCI, and SbCl,—POCI, have been 
studied in different molecular ratios of the components. The systems studied by 
them do not show definite compound formation generally, with exception for the 
systems SbCI,:POCI, 1:9 and SnCl,: POC ‘1, 1:20. The Raman spectrum of these 
mixtures very definitely shows considerable changes in the SnCl, and SbCl, 
frequencies. In fact the vibrational frequencies of these molecules have dis- 
appeared completely and new frequencies appear which apparently are characteristic 
for the adduct formed from SnCl, or SbCl, and POCI,. 


25) J. C. SHELDON and 8. Y. Tyrer, J. Am. Chem. Soc. 80, 4775 (1958). 

261 J. C. SHELDON and 8. Y. Tyrer, J. Am. Chem. Soc. 81, 2200 (1959 

Per-O_or I. Lispeuist and M, Zackrisson, | npublished Raman and infrared measure 
ments for svstems containing POCI,. (We thank the authors for sending us their manuscript before 

publication 
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Abstract 


force field, and also a slight modification of it. These calculations favor the assignment of vy 


A normal-co-ordinate treatment of benzene is carried out using the Urey Bradley 


4 
to 1618 ¢m™!, close to the original suggestion of INGoLD. and in the absence of definitive 


experimental evidence this assignment is adopted. 


Ix THE last few years the Urey-Bradley force field has been extensively applied 
to a large number of molecules [1] essentially in two ways: (1) force constants 


for some “‘key’’ molecules such as methane, ethane, ethylene, etc., have been 


accurately determined, and (2) these force constants have been transferred to 


other molecules with the aim of checking assignments. 


In this respect, Urey-Bradley force constants have shown themselves to 


transfer very well from one molecule to another, and to be easily interpretable by 
chemical intuition, although the exact meaning of the repulsion terms between 
nonbonded atoms is still a matter of discussion. 


The benzene molecule represents another ‘key’ molecule and the knowledge 


of its force constants would be extremely interesting for several reasons. 


(1) The vibrational assignment of benzene is not completely certain. Since 


the classical work of INGoLp ef al. {2}, Marr and Hornic 


3], studying the spectrum 


of solid benzene, changed two of INGoxp’s frequencies, namely the B,, block 14 
and »,; (inactive both in infrared and Raman) from 1648 and 1110 em~ to 1311 
and 1147 em~!. Their arguments for this change are based on the direct observation 
of two bands at 1311 and 1147 cm~ in the spectrum of solid benzene. This re- 
assignment received further support from MiLier [4]. Although the assignment 


of »,; to the 1147 em~ band is conclusive, an alternative assignment for y,, can 


be chosen, namely the frequency 1618 em~, which appears in the infrared spectrum 
of the solid as a very sharp band, and which fits the product rule together with 


INGOLD’s other assignments very well. 


(2) An unambiguous potential function for benzene has not yet been achieved. 
Force constants have been calculated by Crawrorp and MILLER [5] using [NGoup’s 
assignment, by WuHirren [6] using both INGoLp’s and Hornia’s assignment and 


(1) 8. Mizusmima and T. Infrared Spectra and Raman Effect. Kyoritsu Shuppan, Tokyo 
(1958). 
{2} C. R. Battey, C. K. Incoip, H. G. Pooie and C. L. Wiison J. Chem. Soc. 222 (1946). 
R. D. Mare and D. F. Hornie, J. Chem. Phys. 17, 236 (1949). 
|4| F. A. Mitier, J. Chem. Phys. 24, 996 (1956). 
(5) B. L. Crawrorp, Jr. and F. A. Mitier, J. Chem. Phys. 17, 249 (1949). 
D. H. Wutrren, Phil. Trans. Roy. Soc. London A 248, 131 (1955). 
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by Cyvry [7] quite recently, using the revised assignment of BRoDERSEN and LANG- 
seTH |S]; in all three cases a general quadratic force field with twenty-six symmetry 
force constants was adopted. 

The use of a general quadratic force field with so many interaction terms 
introduces. however, some ambiguities in the valence force constants so that 
choices between different sets arise. On the other hand, the calculated frequencies 
can hardly be used as a check of the assignment because obviously the use of 
twenty-six force constants will always give a good fit to any assignment which is 
not so pathological as to violate the product rule. 


H 


(3) A set of Urey Bradley force constants for benzene could be used as a basis 


in the study of many substituted derivatives whose assignments have not yet been 
completed. A special case of noticeable interest would be the calculation of the 
normal frequencies of naphthalene. 

For these reasons, we have carried out a normal-co-ordinate analysis of benzene, 
benzene-d, and symm benzene-d.. In the process, we arrived at some conclusions 


regarding the assignment of benzene 


Potential function 
A representative of each type of internal co-ordinate is shown in Fig. 1. In 


terms of these co-ordinates the complete potential function is given by: 


Key(Ar,)? +2 ¥ Ken'(rAr) + KeclAl,)? + 2 


H,(lAx,)? 2 ¥ (PAx,) + + 2 Hg'(r?A®,) 

. 6 12 

25 + Poul Ade,,.40* (1) 
2 + Feel Ade e,,,)? + 2 Fee’ 

n 


>= ce ) 


where K,,, and K,,. are the stretching force constants of the CH and CC bonds 
and H, and H, are the bending force constants of the CCC and HCC angles. 
7 J. Cyvix. Acta Chem. Scand. 11, 1499 (1957); 12, 1697 (1958). 


BRODERSEN and A. Lanosetru., Kal. Danske. Videnskab. Selskab., Mat. fys. Medd. 1, 1 (1956); 


1, 7 (1959 
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The application of the Urey—Bradley force field to the in-plane vibrations of benzene 


Because the co-ordinates are not independent, the potential function will also 
contain linear terms, which have been written with a prime on the symbol of the 
corresponding quadratic terms. 

The constants Foy, Fee, Fyy and C, represent the repulsions between non- 
bonded atoms, namely, F,.,, that between a hydrogen atom and a carbon atom 
in the ortho-position, F.,, that between two carbon atoms in the meta-position, 
Fy. that between two adjacent hydrogen atoms, and C, that between two carbon 
atoms in the para-position. 

Expressing the Aq, in power series of the Ar,, Al,, Ax, and A®, the potential 
function has been rewritten in terms of these ‘“‘valence co-ordinates” in the usual 
way [9]. A co-ordinate transformation has then been applied to the potential 
function to express it in the set of co-ordinates used by CRAwrorD and MILuEr, 
in which the six local redundancies between the Ax, and the A®, have been 
eliminated. 

If we call s the “‘valence-co-ordinate”’ set and S the new set, this transformation 
takes the form: 

S Ms (2) 


where is a matrix of the type (only one representative of each co-ordinate species 
is written): 


rA®, rA®, 
Ar, 


Al, 


rAp, 


IR, 


The F matrix corresponding to the S set is then given by: 
F, = (3) 


The bending force constants in the S set have been called H and H, and are 
related to H, and H, of the s set through equation (3). 


Solution of the secular equation 


The straightforward method of the FG matrix developed by Witson {10} has 
been used. The symmetry co-ordinates are indicated in Table 1; the G matrix 
elements are in general those given in WILson ef al. [10] and will not be reported 
here. However, the redundancy in the £,, species has caused enough confusion 


and calls for discussion. 
When one is using a completely general force field, a redundancy may be 
eliminated in several ways, as pointed out by Wuitsow ef al. [10]. However, if the 
9) D. E. Mann, L. Fano, J. H. Meat and T. Scuimanovcnat, J. Chem. Phys. 27, 43 (1957). 


E. Brieur Wirson, Jr., J. C. Dectus and P. C. Cross, Molecular Vibrations. MeGraw-Hill, 
New York (1955). 
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Table 1. Symmetry co ordinates 


Coefhicie 
fficient for Norm Internal 


Species Number ‘ 
factor co-ordinates 


force constants are to be interpreted in relation to the structure of the molecule, 
and specifically when a model of a force field (such as the Urey—Bradley model) is 
to be used, there is only one correct way to eliminate the redundancy. Namely, 
the redundancy must be explicitly expressed as a ‘redundant co-ordinate’, S,, 
and the other symmetry co-ordinates chosen orthogonal to it; then in the G matrix 
the elements of the S, row and column will be zero. 


In the E£,, species therefore we transformed the co-ordinates 8, , and 8,,’ (in 
both the a and b blocks) to S,, and 8, by the matrix L: 


| 
] 2 3 4 
| | 
Ar, 
: 6 12 r Ay 
4 3 l l l 
| 
Bas 13 | 
4 l rAp, 
a 14 
2 
q l 12-12 IAx 
7 l j2-12 Ar, 
| - 1/2 rAp, 
1 0 l 
l 
4 l V2 rAp 
1/2 rAp 
| 0 2 ve 
Evy 19a’ 0 l 12-12 Ar 
va 
2 l 2 
4 l 12 12 Al 
: | 
» ] 1/2 Ar, 
2 IAx 
21b 
| 
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Here the redundancy condition S 0. The @ matrix for the £,, species (in 


benzene) then becomes 


MH 


Except for sign changes in the symmetry co-ordinates, this is the same ( matrix 
as given by Crawrorp and Miuver [5]. The F matrix must be transformed in 
the same way. 

WutrreN [6], misled by the abominable notation* of Crawrorp and MILLER, 
wrongly ascribed numerical errors to their published values, but correctly chose 
the better. set of force constants for the E£,, block. His argument that one should 
double A, (our Fj, see below) in comparing it with A, (our /) is sound, as verified 


by our numerical results on the present model: Fyyg = 3-75, Fy = 7-57 mdyn/A. 


This arises from the fact that K,,. is the dominant term in each, and occurs with 
the coefficient } in Fp. 

After the transformation, the F matrix constants are related to the Urey— 
Bradley constants previously defined by the following expressions. Herein the 
diagonal constant for co-ordinate S, is written F,, the interaction matrix element 
between S, and S, is written F,,, etc. The symbols s, ft, etc., are those of Mann 
et al. [9] 
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* These authors use the same symbols for the E,, co-ordinates before and after transformation, 
and fail to state explicitly that the F matrix in their Fig. 3, like the G matrix of Fig. 2, is based on the 
transformed co-ordinates. 
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The application of the Urey Bradley force field to the in-plane vibrations of benzene 


In the large number of calculations so far based on the Urey—Bradley force 
field, the assumption that the linear terms are minus one-tenth of the corresponding 
quadratic terms has generally been used and seems to work fairly well in cases of 
compounds containing only hydrogen and carbon atoms. Since the numerical 
values of the Urey—Bradley force constants depend in an appreciable way on this 
assumption, we prefer to retain it so that our force constants can be compared 
with other published values. Furthermore, the repulsion term Fy, between two 
hydrogen atoms not bonded to the same carbon atom has been shown to be 
negligible in Suimanovcut and Curtis's [11] treatment of ethylene so that, again 
for comparison purposes, we have set this equal to zero. 

In this way we have only seven force constants plus the product-rule relations 
to fit forty-two experimental frequencies and we believe that a good fit to these 
can be considered a very good check of the assignment used. 

The secular equation has been solved both for eigenvalues and eigenvectors, 
with an electronic digital computer Univac 1103, using the normal-co-ordinate 
program (NOCO) and the matrix algebra program (MAC) coded by Curtis at the 
University of Minnesota. This program uses a least-squares method for refining 
the symmetry force constants; an auxiliary routine has been used that refines 
the Urey—Bradley force constants directly. 


Results and discussion 

In our first calculation we attempted to fit the Urey—Bradley constants to the 
Mair-Hornic assignment, using the new frequency values of BropERsSEN and 
LaNGsetH [8]. The results are set forth in Table 2; the discrepancies are distinctl) 
unsatisfactory. Moreover the constants (given in Table 6) are abnormal, e.g. the 
large value for the repulsion constant F,, 

We therefore tried a second calculation using the value 1618 cm~ for »,,, 
corresponding to INGOLD’s assignment, with the frequency of the band observed 
in the solid by Marr and Hornic; the frequencies for the other two isotopes were 
calculated by the product rule. Results are given in Table 3; it is clear that the 
agreement is vastly improved. 

Moreover. the set of force constants obtained using INGOLD 8 assignment is in 
excellent agreement with the published values tor other molecules. The value of 
5-50 mdyn/A found for the A,, force constant of benzene fits very well between 
the values of 7-94 for ethylene and 2-80 mdyn A for the paraffins. 

In the case of the repulsion terms between non bonded atoms, the comparison 
with propane [1] and ethylene leads also to encouraging results. The distance 
between two carbon atoms (in mefa-position) in benzene is smaller than in propane 
and therefore the F,,. repulsion increases from 0-3 to 0-5 mdyn/A. On the contrary 
the distance between a hydrogen and an ortho-carbon atom in benzene is larger 


than in ethylene and consequently the F,,, repulsion decreases from 0-54 to 0°37 


mdvn/A. These results are all consistent with the basic assumption of a Lennard 


Jones potential for the interaction between nonbonded atoms. 
If then we assume, in accordance with calculation II, that INGOLD’S assignment 


11! FE. Curtis. Dissertation, University of Minnesota (1959) 
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Table 2. Caleulation I (Marr and HoORNIG assignment) 


Observed and calculated fre quencies of benzene, benzene d, 


and symm. benzene-d, 


Ds De N Benzene Benzene-d, svmm. Benzene-d. 
3 6 6 . 3 


obs cal » obs. cale. obs. cale. 


As. l 993 995 0-20 945 953 0-84 956 964 0-84 
3073 3072 0-00 2303 2270 1-43 3065 3077 


12 1040 4-00 2-27 1004 1026 2-19 
1: 3057 3081 2285 2284 0-00 2294 2277 0-74 


L378 2-08 1059 1072 1-23 1259 1305 3-65 


1350 


1321 1417 
1195 3-90 x24 S57 4-00 912 940 3-07 


B, 14 1309 1421 S58 1282 1399 9-12 
15 1152 


1-65 579 576 O52 5O4 SSS 


: 7 3056 3072 0-52 227 2270 O17 2282 2267 0-66 

1599 1495 6-50 1558 1434 1580 1481 

1178 1138 3-40 S69 S34 4-02 1101 L056 4-08 

Is 1037 4-14 Si4 793 2-59 833 S11 2-4 

19 1482 1479 1333 1-35 1414 1304 1-41 

3064 3076 0-39 2988 2970 0-78 3063 3074 0-36 

Table 3. Calculation II (INGOLD assignment) 
Observed and cak ilated frequen es of benzene, benzene / and sVinm benzene i, 
Dy, Dy \ Benzene Benzene-d¢ svmm. Benzene-d, 
obs cal obs cale 

A, l 993 45 954 956 958 O21 

3073 3072 0-00 2303 2965 1-65 3065 S076 0-36 

13 3157 3081 0-79 2285 2278 0-30 2294 227 LO 

1350 1341 1059 1043 61259 «1286 2-14 

B,, 14 1618 1600 1-12 1600 1597 O19 1615 1598 1-05 

1152) 3-04 S24 842 2-19 912 922 1-10 

6 606 605 0-00 579 586 1-21 504 596 0-34 

7 3056 3075 0-62 227 2266 0-35 2282 2268 0-61 

1599 1606 0-44 1558 1575 109 1580 1591 0-70 

1178 1157 1-78 4-60 L101 1084 1-54 


18 1037 1030 0-67 802 147 833 B14 2:28 
: 19 1482 1471 0-74 1333 1342 0-67 1414 1417 21 
830064 3078 0-46 2988 227 0-74 3063 3076 0-42 


As, 3 
B, 

VOL. 
16 
196C 

896 


The application of the Urey-Bradley force field to the in-plane vibrations of benzene 


is the correct one, we must account for the appearance in the spectrum of solid 
benzene of the two weak bands at 1312 and 1306 cm-!. The only binary combina- 
tion that fits well the 1312 cm-' band is, as pointed out by Marr and Hornia, 
v, + vg (1309 cm~') whereas for the 1306 cm~! band, only a combination of vg with 
a lattice vibration at 124 em~! can be selected. However, both combinations are 
forbidden in IR (species A, of the C, point group) so that it seems rather strange 
they should appear in the infrared spectrum of solid benzene in which no other 
such cases have been observed. We prefer therefore to explain these two bands 
as ternary combinations, a few of which are listed below: 


"16 
1303 


1308 


Vie 1313 
In the same way, the few weak bands explained before as binary combinations of 
v,, at 1310 cm~', must be explained as ternary combinations. 


Despite the pleasing internal consistency of our results, the question still 


arises whether the Urey—Bradley field is an accurate description for molecules 
with z-electron systems. Thus in ethylene Saimanovcat found that special 
account had to be taken of the “‘flexibility’’ of the double bond. In the case of 


Table 4. Calculation LIT (Marr-HornicG assignment) 
Observed and calculated frequencies of benzene, benzene-d, and symm. benzene-d, 


Modified Urey—Bradley force field 


Benzene Benzene-d, symm. Benzene-d, 


obs. cale. obs. eale. 


993 958 22 956 935 
3073 3070 22: 3065 3075 


1010 1029 “SS DS L004 1012 


1350 1327 ‘7 2-5 1259 | 1272 


1309 =1339 2-2% ‘28 1321 1339 
1152. «1177 2-26 912 913 


606 587 5 “BS 594 578 
3056 3076 22 2282 | 227: 
1599 1550 1558 2-8: 1580 1533 
1178 1152 869 Bet 1101 1105 


1037 1073 ‘47 814 81: 833 821 
1482 1508 “75 1333 “DS 1414 1462 
3064 3080 “Ht 2288 3063 | 3078 


V4 Vs 
om 
ye 
we 
16 
960 
o 
0 
9.90) 
A,’ 2 0-33 
y 
13 1-18 
B,’ 
236 
15 0-00 
E., 2.70 
7 0-39 
7 8 2-97 
‘ 
4 0-36 
1-44 
19 3-95 
20 0-49 
S97 


S. Catrrano and Bryce Crawrorp, JR, 


benzene, one might well inquire as to the effect of the contributions of resonance. 
To investigate this point another pair of calculations were made introducing a 
new interaction term F,, between adjacent bonds, to take into account the variation 
of the C—C force constant due to the resonance effect. This interaction term 
appears in the symmetry F matrix as follows: 2F,, in F,, —2F,,in Fy,, —F,, in 
F, and F,, in 

The results of the calculations are listed in Table 4 for Marr and Hornia’s 
assignment, and in Table 5 for INGoLD’s assignment. The force constants are given 


Table 5. Calculation IV (INGOLD assignment) 
Observed and calculated frequencies of benzene, benzene-d. and svinim. benzene-d, 


Modified Urey—Bradley force field 


Benzene Benzene-d, symm. Benzene- 


obs. eale. obs. cale. obs. eale. 


903 0-20 045 954 G56 959 
3073 3072 0-00 2303 2265 65 3065 3076 


1009 970 1004 1003 


3057 3081 7$ 2285 | 2278 2294 2272 
1350 =1342 1059 1044 4: 1259 1287 


1618 1602 1600 1600 1615 1601 
1152 LISS 31: S24 S42 2-1 912 923 


3056 3075 227 2265 3f 2282 2269 


1599 1604 L558 1573 L580 1589 
1178 1158 vi 1083 


1037 1027 S14 SO] 833 S14 
1482 1471 1333 61339 1414 1415 
3064 3078 2988 227 3063 3076 


in Table 6. In the case of INGOLD’s assignment, the value of F,, is practically 
zero and the agreement of the observed and calculated frequency is very little 
improved. In the case of Marr and Hornte’s assignment a drastic improvement 
of the calculated frequencies is achieved. The force constants are however 


extremely unreasonable. For example, the values of —0-72 and +0-20 for Foe 
and ( tell us that carbons in the meta-position attract, while those in the para- 


position repel each other. 

It is clear that if we accept Marr and Hornie’s assignment we must strictly 
limit the class of molecules to which the Urey—Bradley field can apply, and must 
seek a more complicated approach to the understanding of forces in aromatic 
molecules. Since there is no presently existing conclusive experimental evidence 
against INGOLD’s assignment, we prefer to follow the theoretical indications: to 
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The application of the Urey Bradley force field to the in-plane vibrations of benzene 


Table 6. Urev—Bradley force constants* 


INGOLD assignment Marr and HoORNIG assignment 


4-810 

4-247 

0-297 

0-649 

O-376 ‘37: 0-295 

0-501 1-147 
0-056 0-066 
0-037 


* Force constants in units of 10° dyn/em, 


accept the INGOLD’s assignment (caleulation II) and thus to avoid the needless 
elaboration of force-field concepts. Frustra fit per plura quod potest fiert per 


pauciora {12}. 
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The application of the Urey-Bradley force field to s-triazine 
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Abstract—A Urey—Bradley force field, similar to that used for benzene, is applied to the normal- 
eo-ordinate calculation of s-triazine and s-triazine d,. The results support the correctness of 
LANCASTER’s assignment, and the force constants compare in a most reasonable way with those 


of benzene 


Aurnoven the structure and physicochemical properties of s-triazine have been 
extensively studied (geometry [1], infrared and Raman spectra [2]) a complete 
force-constant treatment has not yet been carried out. The main reasons for this 
were the lack of a complete assignment of the normal vibrations and the great 
labor involved in the calculations without the use of an electronic computer. 
However, quite recently the assignment of the normal vibrations for s-triazine and 
s-triazine-d, has been made by Lancaster, who has also worked out a simple 
valence force field treatment | 3}. 

From the point of view of the Urey—Bradley force field, which we recently 
started to apply to cyclic molecules [4], the triazine ring is extremely interesting 
because the bond angles and lengths differ from those of benzene and therefore a 
completely different situation for the ring repulsion force constants is to be 
expected. Furthermore the knowledge of these force constants will allow us to 
extend this type of calculation to other heterocyclic six-membered rings, such as 
the diazines and pyridine. We have therefore undertaken a normal-co-ordinate 
calculation for the in-plane vibrations of s-triazine and s-triazine-d,, using a 


Urey—Bradley force field. 


Normal-co-ordinate treatment 
The standard Witsoy [5] FG matrix method has been used for the calculations 
of the normal co-ordinates. Using the internal co-ordinates represented in Fig. 1, 
we constructed the set of symmetry co-ordinates for the point group D,, given in 
Table 1: the co-ordinates Af, and Az, are related to the A®, by the relations 


AB, = — A®,) (Ad, + A®,) 
Ag, = — A®,) (Ad, + A®,) 
Ap, = — A®,) (A®, + Ad,) 


1) P. J. Waeatiey, Acta Cryst. 8, 224 (1955); J. E. Lancaster and B. P. Sroicuerr, Can. J. Phys. 34, 
(1956 

2) J. E. Lancaster and N. B. Covruvp, J. Chem. Phys. 22, 1149 (1954); R. F. Stamm and J. E. Lan- 
caster, Ib 99. 1280 (1954); J. E. L. Jaun. A. Krevrzepercer and C. GRUNDMANN, 
J. Phys. Chem. 58, 1078 (1954). 

31 J. FE. Lancaster. Private communication. 

4) S. Caurrano and CRAWFORD, Jn., Spectrochim. Acta 16, 889 (1960). 

51 E. Briewt Wutson, Jr., J. C. Decivs and P. C. Cross, Molecular Vibrations. McGraw-Hill, 
New York (1955). 
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The application of the Urey—Bradley force field to s-triazine 


Owing to the fact that we have fifteen normal vibrations and eighteen internal 
co-ordinates, three redundancy conditions appear, one in the A,’ and one pair in the 
degenerate E’ block. 

The redundancy of the A,’ species is easily identified with the co-ordinate Sp, 
which can therefore be left out of the secular equation in the usual way. On the 
other hand, as will be explained below, the E’ redundancy takes a simple form 
only if one assumes that all the angles are 120. 


Fig. 


The elements of the symmetrized G matrix are listed in Table 2; as can be seen 
by inspection of these elements, the columns labeled S, and S,, are proportional 
to each other only when all bond angles are 120.° If the true values for the angles 
are used, the redundancy condition assumes a more complex form. 

Since the presence of a zero root is not a serious problem in solving the secular 
equation, we have preferred to leave the redundancy condition in the E£’ block; 
this also provides a check of the calculations. 

The expression of the Urey—Bradley potential, in the case of the s-triazine, 
takes the following form: 


2V = YKey(Ar,)? +23 Ken(rar,) + SKex(Al,)? +23 K (IAL) + SH, 


+ 23H,(2Ax,) + SH,(rdp,)? + + + 23H, (PAy,) 


6 


+23 Faw (ax Adu,s,) +d Feel Adee)? +23 Fee e,) (1) 
+ SF xx(Agy,x,)? + 22 + + 


where K,,,, Avy, H,, H, and H, have the usual meanings (i.e. stretching and 
bending force constants), F yy, Fy. and C are the repulsion terms between 
nonbonded atoms, and the linear terms are indicated with a prime [6]. 

The potential function (1) can be rewritten, using just the internal co-ordinates 
r,, l,, «,, B, and y,, in the usual way; this process has already been described [4] 
and will not be repeated here. For the symmetry co-ordinates listed in Table 1, 


S. Mizusuima and T. Suimmanovucut, Infrared Spectra and Raman Effect. Ryoritsu Shuppan, 
Tokyo (1958). 
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Svimetry 
Symmetry co-ordinates 


species 


Table | 
S (Ay Ar, Ars) 
1 1 2 : 
: / 
Ss. (Al, + Al, + Als + My + Als ~ Me) 
\ 
A, 
(Ax, Ax, Ax, Ay, 
l 
Sp (Ax, Aa, Ax, Ay, 
(M, Al, Al, AM, Al. Al,) 
“3 
(Ap, Ag, Aps) 
6a (2Ar, Ar, Ars) 
yo 
» ] 2 Al. 
a Sta 12 \ MV, 2M, M; 6 VULie 
16 
96C 
= ( Al, Al, M, Al,) } 
Sos (Ap, Afis) 
Ve 
Ss (2Ax Aa, — Aas + Ay, — 247, + 
— — Ate — Ay, + — Are) 
te 
Sen Ar, Ar,) 
Sn = Al, Al, Al, + Al,) 
(—Al, — 2Al, — Al, + Al, + 6) 
“abd 12 1 2 3 4 
r 
4 (AA, — — APs) 
Sie = (Ay, — + — Ays) 
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Sip (—A4; 1 Ax, A; 3) 
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the relation between the Urey—Bradley constants and the symmetry force constants 


can be expressed by the matrix ( given in Table 3. 


The solution of the secular equation and the least-squares refinement of the 
force constants have been done with the aid of an electronic digital computer 
(UNIVAC 1103). using the NOCO and MAC program coded by Dr. E. Curtis at the 
University of Minnesota. An additional sub-routine has been used, that directly 
refines the Urey Bradley force constants by means of the relation 


O'S PICAF yy, = C'I'PAN 
where J is a Jacobian matrix with elements 


OA 


P is a weighting matrix and AA As \.... To avoid the danger of diver- 
gence, fractional shifts were used in the refinement. 


Table 3 


Lsin O/qyy ton r sin O/qyy 


cos any (l r cos 
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Results and discussion 


In calculation, the usual assumption was made that the linear repulsion terms 


are —0-1 of the corresponding quadratic terms. 

In LANCASTER’s assignment of s-triazine and s-triazine-d, the fundamentals 
vy, and », (inactive both in infrared and Raman) were not identified, but from 
other related molecules a plausible range of 1100-1350 em~! for », and of 1550— 
1650 em~! for », can be selected. 

We have therefore carried out the refinement of the force constants without 
using the A, block (which corresponds to assigning a weight of zero to the two 
frequencies v, and v,). The set of force constants obtained is listed in Table 4, 
and the calculated frequencies are compared with the observed ones in Table 5. 
The calculation gives, for vy, and »,, the reasonable value of 1556 and 1381 em~ 
for s-triazine and 1551 and 1030 em~! for s-triazine-d,. 

The excellent agreement between calculated and observed frequencies gives us 
confidence in the correctness of LANCASTER’s assignment. The structural difference 


Table 3 (contd.) 


(J sin « lsin y)/dex 
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Table 3 (contd.) 
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Table 3 (contd.) 


0 0 0 0 
- 0 0 0 0 0 
4 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
3 3 1(}2 2 
‘ 2 2 1 2 ey | 2 
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Table 4 


All force constants in mdyn 


Table 5 


N Po A% 


cal 


S082 


1132 L130 0-18 
992 0-30 
1556 

1381 

3056 3081 0-82 
Vo 1556 1560 0-26 
Ye 1410 1404 0-42 
Vo 1174 1168 0-51 


666 


S-triazine 


2261 


Vo LO77 1092 1-40 
Ys 987 986 0-00 
1551 

1030 

Ye 2280 2248 1-40 
Ve 1530 1553 1-50 
Ye 1284 1276 0-62 
Vg 931 919 1-29 
Vio 662 656 0-90 


between s-triazine and benzene reveals itself in the different values of corresponding 
force constants. For example the length of the C—C bond in benzene is 1-398 A 
and that of the C—N bond in triazine is 1-338 A; consequently the stretching- 
force constant increases from 5-585 to 5-804 mdyn/A going from benzene to 
triazine. A similar variation is observed for the repulsion terms between non- 
bonded atoms: the C—C distance in triazine is smaller than that in benzene 
(because the C—N bonds and the C—-N—C angles are smaller) and therefore the 
repulsion term increases from 0-501 to 0-803 mdyn A. On the other hand, the 
N—N distance is practically the same as the C—C distance in benzene, and 
correspondingly the N --- N repulsion term has about the same value (0-456 vs. 
0-50 mdyn/A). 
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The application of the Urey Bradley force field to s-triazine 


A large difference occurs between the H - - - C repulsion term in benzene (0-376 
mdyn/A) and the H - -- N repulsion term in triazine (0-895 mdyn/A). This differ- 
ence, although qualitatively in agreement with the fact that the H - - - N distance 
is shorter, may also involve a large contribution to the repulsion arising from the 
presence of the lone-pair orbital on the nitrogen atom. 

It is interesting to observe that both in benzene and triazine the interaction 
term between two atoms in the para position is negative (benzene, —0-056; 
s-triazine, —0-041 mdyn/A), and therefore assumes the meaning of an attractive 
term. This is not unreasonable if we assume for the forces between nonbonded 


atoms such a model as the Lennard—Jones potential, in which the repulsive term 


becomes negligible at long distances while the attractive term, though small, is 
still different from zero. 
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Infrared spectra of amino acids in water 
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Abstract—The infrared spectra of the common 2-amino acids in aqueous solution in the region 
6-5-11 « (1538-909 em™!) are presented and discussed. In addition, the spectra of related 
amino acids, e.g. ethionine, f-alanine and other a«- and non-z-amino acids are presented. 
The results show that it is possible to obtain distinct, characteristic spectra for many of the 
compounds examined. 
Introduction 

Tue infrared absorption spectra of amino acids in the solid state have been 
studied by many investigators. Gore et al. [1] employed the aqueous phase for 
infrared studies of glycine, threonine and alanine. Among the more recent studies 
of amino acids in the solid state have been papers by Koxrcet et al. [2] and by 
Lerrer and Lippixcorr [3]. Korcet ef al. have stated that the technique of 
determining aqueous solution spectra is technically more difficult and more 
limited in application than solid-state spectra. Although the range of determin- 
able absorption frequencies is truly more limited in the aqueous phase, it should be 
noted that in this medium the amino acids are present in the solvent characteristic 
of biological systems. Recently, Duvat [4] has studied amino acids using single 
drops of aqueous solution. GouLDEN [5] has recently discussed infrared spectro- 
scopy of aqueous solutions of inorganic, organic and biological materials. 

It is the intent of this paper to report upon the infrared spectra of aqueous 
solutions of certain amino acids and to compare, when pertinent, findings made in 
this laboratory with those of other laboratories in which amino acids have been 
studied, both in the solid state and in solution. 


Experimental 


The spectra were obtained with a Perkin-Elmer model 21 infrared spectrophotometer 
(NaCl prism) on aqueous solutions in barium fluoride cells, usually with a thickness of 0-025 mm, 
but also 0-052 mm and 0-049 mm. A transmittance screen [6] was used in the reference beam 
as in previous work [7-11]. Work with amino acids in this laboratory has already been reported 
(9, 10). The instrument was calibrated against water vapor and a polystyrene film. 


fl) R. C. Gore, R. B. Barnes and E. Perersen, Anal. Chem. 21, 382 (1949). 

(2) R. J. R. A. McCotium, J. P. Greenstrers, M. Wexirz and 8. M. Brrnsaum, Ann. N.Y. 
Acad. Sei 69, 94 (1957). 

3) A. Lerrer and E. R. Lieprscort, J. Am. Chem. Soc. 79, 5098 (1957). 

Duva., Mikrochim. Acta 741 (1956). 

5| J. D. 8S. Goutpen, Spectrochim. Acta 15, 657 (1959). 

6) W. J. Ports, Jn. and N. Wricut, Anal. Chem. 28, 1255 (1956). 

7) F. S. Parker, Appl. Spectroscopy 12, 163 (1958). 

8| D. M. Krrscuensparo and F. 8. Parker, Science 128, 1430 (1958). 

9| F. S. Parker and D. M. Krrscuensaum, Federation Proc. 18, 299 (1959). 

10) F. S. Parker and D. M. Kirscnensaum, Nature. In press. 

11) F. S. Parker and D. M. Krrscnensaum, J. Phys. Chem. 63, 1342 (1959). 
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Infrared spectra of amino acids in water 


The transmittance characteristics of water as determined on our instrument are shown 
in Fig. 1.* The spectrum of water is such that for amino acids recordings of absorption bands 


can be made between 6-45 « (1550 em™) and 11-00 « (909 em™). Spectra were recorded usually 


at a rate of 40 sec/u” with a resolution dial setting of 984 on program. 


The compounds used, their source and purity, are indicated as follows: Glycine, M.A.; 


taurine, C.P.; L-cysteic acid-H,O, P; t-alanine, chromatographically pure; L-leucine, C.P.; 
L-isoleucine, C.P.; DL-homocysteine, C.P.; L-phenylalanine, C.P.; L-histidine-HCl, M.A.; 


L-methionine, chromatographically pure; L-glutamine, M.A.; pt-glutamic acid, C.P.; 
ornithine-HCl, chromatographically pure; DL-pipecolic acid-HCl, chromatographically pure; 


sarcosine, M.A.; L-hydroxyproline, chromatographically pure; L-proline, chromatographically 
pure; L-serine, C.P.; and L-threonine, C.P., were obtained from Mann Research Laboratories. 


L-Aspartic acid, A.P.; L-asparagine, C.P.; DL-«x-amino-n-caprylic acid, P.; pL-f-amino-n- 


butyric acid, P.; L-glutamic acid, A.P.; 6-amino-n-valeric acid, P.; €-amino-n-caproic acid, P.; 
and L-arginine- HCl, A.P., were obtained from H. M. Chemical Co., Ltd. In addition, pL-x-amino- 
n-butyrie acid, purified; f-alanine, purified; y-amino-n-butyric acid, CfP; and p1L-ethionine, 


purified, were obtained from California Foundation. a-Aminoisobutyric acid was purchased 


from Sigma Chemical Co. pL-Valine was purchased from Winthrop-Stearn and L-cysteine-HCl 
from Nutritional Biochemicals Co. w-Citrulline and t-homocitrulline were gifts from General 


Mills, Ine. 


Discussion 
The writers have found that in general the spectral curves have fewer bands 
for aqueous solutions of amino acids than the solid-state spectra and, in addition, 


the bands are broader. 
In this paper the compounds are divided into groups, based upon structural 


considerations. 


Aliphatic amino acids 

In this group of acids (Figs. 1-6) the band at 7-1 ~ (1408 em~-') may be related 
to the symmetrical stretching vibrations of the ionized carboxyl group of the 
dipolar ion {1, 12, 13]. The band near 6-6 mw (1515 em) is related to an N—H 
deformation motion of the «-amino group [14-17].+ However, leucine has no 
band near 6-6 w (1515 em~') in water and in the solid state. The amino acid I] 
band absorbs near 6-45 wu (1550 em~') to 6-74 uw (1484 em~') in the solid state [2]. 
A band in this region appears regularly in water solutions. A band at 7-5 uw (1333 
em~') appears to be common to glycine, DL-valine and DL-x-amino-n-butyric 
acid; and in y-amino-n-butyriec acid appears to be shifted to 7-65 mu (1307 em-*). 
A band in the vicinity of 7-9 ~ (1266 em~') appears to be common to DL-valine, 
DL-x-amino-n-butric acid, x-aminoisobutyric acid, DL-x-amino-n-caprylice acid 


and DL-f-amino-n-butyric acid. This band is also common to f-alanine, y-amino- 


n-butyrie acid, d6-amino-n-valeric acid and e-amino-n-caproic acid. 
Glycine (Fig. 1) has a band at 6-6 « (1506 em~') and another band at 6-94 yu 


* In all figures, frequency is given at the top in reciprocal centimeters (em~') and wavelength is given 
at the bottom in microns (1). 

+ Note objections to this assignment by LENoRMANT [18]. 

12) L. H. Jones and E. McLaren, J. Chem. Phys. 22, 1796 (1954). 

13) N. B. Covruvup, J. Opt. Soc. Am. 40, 397 (1950). 

14) J. R. Lacner, V. D. Croy, A. Kianpour and J. D. Park, J. Phys. Chem. 58, 206 (1954). 

15| G. Enrica and G. B. B. M. Surnervianp, J. Am. Chem. Soc. 76, 5269 (1954). 
l 

l 


6) H. Leraw, Jr. and A. H. Gropp, J. Chem. Phys. 21, 1621 (1953). 
7) R. D. B. Fraser and W. C. Price, Nature 170, 490 (1952). 
8} H. LenormMant, Discussions Faraday Soc. No. 9, 319 (1950). 
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Fig. 3 Amino-n-butyric acid, 10 per cent, 
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same cell. pI 
per ce nt, same cell. 


Fig 5. 
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10 per cent, same cell 


Fig 4. I Isoleucine, saturated sol., 
mim BaF, cell vs. transmittance screen. 
L-Leucine, saturated sol., same « ell DI 
Valine, saturated sol., 0-052 mm BaF, cell vs 
transmittance screen. 


d-Amino-n-valeric acid, 20 per 

0-049 mm BaF, cell vs. transmittance 
e-Amino-n-caproic acid, 20 per 
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Infrared spectra of amino acids in water 


(1441 em~') the latter of which had not been found in a previous infrared study of 
this compound in water [1]. This latter band is not seen in the solid state [3]. 
The distinctive features of the glycine spectrum are a weak, broad band at 8-93 a 
(1120 em-') and another band at 9-75 uw (1026 em~*). 

In Fig. 2 are seen the spectra of L-alanine and f-alanine. In many respects 
these are similar to each other. The distinctive feature whereby one can differen- 
tiate between these two compounds is the broad, weak band at 8-3 yu (1205 em~) 
in the spectrum of L-alanine. It is of interest to point out that the strong band 
at 6-84 uw (1462 em~') has been assigned in the solid state [2] to an asymmetric 
deformation motion of the terminal methyl! groups and occurs in both L- and 
pL-alanine. However, in water we find a similar band for /-alanine, which has no 
terminal methyl group. 

For alanine, KorGe et al. {2), show a peak at 9-73 uw (1028 em~') for the racemic 
form, which is absent for the optically active form. In water, this band is absent 
for both the racemate and the active form. Both L- and pL-alanine (the latter not 
shown here) have very similar spectra in aqueous solution. 

Fig. 3 shows spectra of pL-x-amino-n-butyric acid, DL-j-amino-n-butyric acid 
and y-amino-n-butyric acid. These three spectra are similar except for some 
minor differences, which are: the weak band in DL-z-amino-n-butyric acid at 
8-55 uw (1170 em~'), which does not appear in either of the other two acids: the 
band in pL-f-amino-n-butyric acid, which appears at 8-34 (1199 and the 
7-75 uw (1290 em-'). No 


band is present at 6°85 uw (1460 cm~*) in y-amino-n-butyric acid, but is present in 


extremely weak band in DL-f-amino-n-butyric acid at 


the others. 

The spectra of pi-valine, L-leucine and pt-isoleucine, which are relatively 
insoluble amino acids, are shown in Fig. 4. The bands exhibited are common to 
amino acid spectra in water, i.e. a series of bands between 7 and 8 yw (1429-1250 
em~!). There are no distinctive bands in the region beyond 8 w (1250 em"). The 
comparative insolubility of these compounds would tend to explain the absence of 
such bands. For these compounds infrared spectra do not provide sufficient 
dissimilarities for identification purposes. 

In Fig. 5 are shown the spectra of DL-x-amino-n-caprylic acid and «-aminoiso- 
butyric acid. In Fig. 6 are shown the spectra of d6-amino-n-valeric and ¢-amino-n- 
vaproic acids. The skeletal vibrations of the system involving two CH, groups on a 
varbon atom (gem-dimethyl) such as is found in «-aminoisobutyric acid can be 
assigned to the band at 8°37 mw (1195 em~'). It is known that a gem-dimethy! 


group with no free hydrogen atom on it produces only a single band at 8-37 yu 
(1195 em=) [19]. Examination of L-alanine (Fig. 2) and of «-aminoisobutyric 
acid (Fig. 5) shows the effect of substitution of a CH, group for a hydrogen atom 


on an a-carbon. 

The band at 9-03 ~ (1107 em~") appears also in the spectra of aqueous solutions 
of the following amino acids: DL-x-amino-n-butyric acid, DL-f-amino-n-butyric 
acid, y-amino-n-butyric acid (Fig. 3), d6-amino-n-valeric acid (9 1111 em~*), 
e-amino-n-caproic acid (Fig. 6), pL-«-amino-n-caprylic acid (Fig. 5), and L-threonine 


[19] L. J. Beciamy, The Infra-red Spectra of Complex Molecules (2nd Ed.) p. 26. Methuen, London (1958). 
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Fig. 15) and is not seen in L-leucine, I isoleucine, pL-valine and a-aminoiso- 
hutvric acid. GouLpEN [5] has shown, however that a solution of valine, when 


examined ina cell of o-70 mm thie kness does exhibit a band in this region. 


icids 


amino acids whi ' ive ined are phenyl-alanine 


1-tvrosine. L-3:5-dibromotvrosine, 3:5-di-iodotyrosine, and both 


ind pi-tryptophane. In Fig. 7 is shown the spectrum of L-phenylalanine. 


relative insolubility of the other amino acids they do not exhibit 


epartic and L- and pi-glutamic acids and their related 
.-clutamine. are shown in Figs. 8 and 9 These amino 


spectra and have no bands which differentiate them from 


Fie. 10). the thioethers related to z-amino-n- 
very similar to each other. The relative lack of distinctive bands 

‘eulties in differentiation and identification of these acids 
wn the spectra of L-cysteine-HC] and its homologue, DL- 
ysteine. The major difference to he noted is the band at 8-0 « (1250 em~) 
evsteine-HC] spectrum. No further comparison should be made between 
© amino acids due to the differences in solubility, as noted in the legend to 
lhe spectra of L-cysteic acid and its decarboxylation product, taurine, (Fig. 12) 
are very similar. The very deep, broad absorption of both these compounds at 
8-5 uw (1176 em~') and the very distinctive band at 9-65 «(1036 cm~') can be assigned 
20) to the sulfonate grouping present in both compounds. Bands at 914 4 (1094 
em~) and 7-78 uw (1285 em) in taurine constitute the major differences seen in 
these two compounds It is possible to differentiate between L cy steine and the 
product of its oxidation, L-cysteic acid, by examination of the infrared spectra 


of their aqueous solutions 


Basi ae ids 


The spectra of the basic amino acids, L ornithine-HCI and L-lysine-HCI (Fig. 13), 
L-arginine HCl (Fig. 14), and i-histidine-HCl (Fig. 7) and a neutral amino acid 
related to arginine, L-citrulline (Fig. 14) are similar to one another. In the 7-8 4 
region (1429-1250 em~) all these amino acids show two well-defined bands near 
7-15 (1399 and 7-45 (1342 em~"). In the 8-10 w region (1250 1000 em~') 
broad. diffuse band(s) can be noted. The spectrum of L-homocitrulline, although 
not shown here. is similar in characteristics and shape to that of L-citrulline. Asa 
group these spectra are similar to each other, but are dissimilar from the spectra 


shown in Figs. 1-12. 


J. Beciamy. The Infra-red Spectra of Complex Molecules (2nd Ed.) p. 364. Methuen, London (1958). 
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Fig. 7 L-Histidine- HCl, 10 per cent, Fig. 8 t-Aspartic acid, saturated sol., 
0-052 mm BaF, cell vs. transmittance screen. 0-052 mm BaF, cell vs. transmittance screen. 
L-Asparagine, saturated sol., same cell. 


L-Phenylalanine, saturated sol., same 


10 pL-Ethionine, saturated sol 


Fig. 9 L-Glutamine, saturated sol., Fig 


0-052 mm BaF, cell vs. transmittance scree 


L-Methionine, saturated sol... same cel 


0-052 mm BaF, cell vs. transmittance screen. I 
L-Glutamic acid, saturated sol., same | 
cell pi-Glutamiec acid, saturated sol., 


same cell 


8 
Fig. 11. pL-Homocysteine, approx. 2 pet Taurine, saturated sol., 0-052 mm 
cent sol., 0-049 mm BaF, cell vs. transmittance I 
screen. L-Cysteine-HCl, 10 per cent, 


0-052 mm BaF, cell vs. transmittance screen. 


BaF, cell vs. transmittance screen. 
Cysteic acid-H,O, 10 per cent, same cell. 
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L-Ornithine HCI, ’ Fig. 14 1-Citrulline, 10 per cent, mors 
2 ell vs, transmuttane ‘ mm BaF, cell vs transmittance screen L- 
ne-HC1, 10) pet cent Arginine HCl, 10 per cent. same cell 


L-Proline, 20 per cent, 0 025 mm 


Fig. 15 L-Thre onine, approx 10 per cent Fig 16 
I 


sol., 0-025 mm BaF, cell vs. transmittance screen BaF, cell vs. transmittance screen. 
L-Serine, 10 per cent, same cell Hydroxyproline, 10 per cent, same cell. 


Fig |, a Sarcosine, 10 per cent sol.. 
0-049 mm BaF, ell vs. transmittance screen. 


pi-Pipecolic acid-HCl, 10 per cent, 
sane cell. 
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Infrared spectra of amino acids in water 


L-Histidine (free base) (spectrum not shown here) was examined in a saturated 
solution. It displayed a spectrum quite similar in detail to the hydrochloride 
except for the shift of a band from 8-75 mw (1143 em-*), in the hydrochloride to 
8-85 uw (1130 em) for the free base. 


B-Hydroxyamino and imino acids 


The last group of amino acids examined comprise the hydroxylated ones, 
L-serine, L-threonine (Fig. 15) and .-hydroxyproline (a hydroxyimino acid); 
the imino acids, L-proline and L-hydroxyproline (Fig. 16) and pL-pipecolic acid-HC! 
(2-carboxy-piperidinium chloride) and sarcosine (Fig. 17). 

In the spectra of primary aliphatic alcohols a band can be found between 
9-3 u (1075 em~) and 9-9 «(1010 em~*) and in secondary aliphatic alcohols between 
8-94 w (1119 em~) and 9-05 uw (1105 em!) [21]. L-Serine (Fig. 15), an amino acid 
with a primary alcohol group, has a band at 9-8 uv (1020 em~); and L-threonine, 
an amino acid with a secondary alcohol group, has an absorption band at 9-1 yu 
(1099 em-"). One finds, however, in hydroxyproline (Fig. 16), an imino acid with a 
secondary hydroxy group, that an absorption band is absent in the region where 
secondary alcohols absorb. 

Examination of Figs. 16 and 17 shows that it is possible to differentiate among 
these four imino acids of biological importance. 


{21 | H. H. Zeiss and M. Tsursur, J. Am. Chem. Soc. 75, SY7 (1953). 
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The Raman spectra (liquid phase with depolarization measurements) and the infrared 


Abstract 


absorption spectra (liquid, solution and vapor phases) of ethynyl benzene and its deuterated 


derivative, C,H,—-C-—CD have been studied. Complete vibrational assignments have been 


made and used to calculate the thermodynamic functions for ethyny!l benzene as an ideal vapor. 


Introduction 
THe Raman spectrum of ethynyl benzene has been studied previously [1] and its 
infrared spectrum has also been reported for the region above 500 em-![2]. How- 
ever, no attempt at a complete vibrational assignment has been made. In this 
paper a complete assignment which is based on studies of the Raman and infrared 
spectra (to 300 cm~) of ethyny! benzene and of ethynyl benzene-d (C,H,—C—=CD) 
is presented. This assignment, taken with reasonable assumptions about the 
molecular dimensions, enables the thermodynamic properties of the molecule to be 
calculated. 
Experimental 

A fractionally distilled ethynyl benzene sample (Eastman Kodak Co.) was 
used. The deuterium-substituted molecule was prepared by several exchanges of 
ethynyl benzene with D,O in the presence of calcium oxide. Four exchanges 
produced a sample containing less than 2 per cent of the light molecule. 

Raman spectra of the liquid samples were recorded photoelectrically using a 
Hilger instrument and 4358 A radiation (7 A/mm) filtered through the usual 


rhodamine/nitrite filters. Depolarization measurements were made [3] and 


corrected | 4 
Infrared spectra of the two molecules in the vapor state, in solution in CCl,, 
('S, and n-hexane, and in the liquid state were recorded in the 3800-450 cm range 


with 1 em~* resolution using a grating instrument [5] and in the 450-300 em- 


using a Csbr prism instrument (Perkin-Elmer double-pass). The vapor spectra 


were obtained with a 4-m folded path cell [6]. It was apparent that, in the case of 


the heavy molecule, some isotopic exchange occurred with the water adsorbed on 


the cell walls but this was not troublesome. Below 450 em~-! a 1-m cell was used 


but little absorption was detected. 


1} Earlier references may be found in K. W. Koxuuravuscnu, tamanspektren p. 380. Edwards, 
Ann Arbor, Michigan (1943). 

2} H. W. THompson and P. Torkincton, J. Chem. Soc. 597 (1944). 

3) J. T. Epsauy and E. B. Witson, Jr., J. Chem. Phys. 6, 124 (1938). 

4) D. H. Rank and R. E. Kacarise, J. Opt. Soc. Am. 40, 89 (1950). 

5) L. W. HerscHer, Spectrochim. Acta 15, 901 (1959). 

6) J. U. Warre, J. Opt. Soc. Am. 32, 285 (1942). 
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The vibrational spectra of ethynyl benzene and ethynyl benzene 


Results and discussion 
Spectra are reproduced in Figs. 1-4 and the experimental data are collected in 
Tables 1 and 2. 
Although the molecular dimensions of ethyny! benzene have not been reported, 
the molecule undoubtedly has C,, symmetry. Its thirty-six normal modes are 


distributed thus; 13a, 12d, 3a, sh,, the a, modes giving polarized and the 


remaining modes giving depolarized Raman bands|7|. The 6, modes are expected 


to show well-characterized C-type infrared bands while the in plane modes, a, 
and b,. are expected to vield A-type ind B ty pe bands. respec tively S|. Ws modes 


are infrared inactive. 


Intensit y 


Fig. 1. Raman spectra of A) ethynyl benzene and (1 ethvnvl benzene I } liqu d 


phase The figure re direct reproductions of the recorded spectra nad se ral band 


excited by the 4348 \ line and, in one case, by the 4339 A line are apparent se are not 


tabulated slit width was ypproxin ately 6em 


These characteristics were extremely useful in reaching the vibrational assign- 
ment. Equally valuable were the vibrational assignments of other monosub- 
stituted benzene molecules—monodeuterobenzene [9], the monohalogenobenzenes 
[10], toluene [11] and aniline [12]. These studies show that twenty-four normal 
modes of the monostbstituted benzenes are almost insensitive to the nature of the 
substituent and may be readily identified. In the a, species there are eight of 
these modes—three ring CH stretching, two ring stretching, the ring breathing 
mode and two in-plane ring CH bending modes. The acetylenic CH or CD stretch- 
ing and the C=—C stretching modes are in this class while the three remaining 
a, modes are readily assigned to three moderately strong, highly polarized Raman 
bands at 1194, 763 and 467 cm.' A noteworthy observation is the marked 
change in position and in intensity of the infrared band arising from the CC 
stretching mode when D is substituted for H; the band is shifted by 130 em~' to 
lower wave number and is almost too weak to be observed in the spectrum of the 


(7) G. Herzpere, Infrared and Raman Spectra of Polyatomic Molecules p. 134. Van Nostrand, New York 
(1945). 

[8] R. M. Bapeer and L. R. Zumwavt, J. Chem. Phys. 6, 711 (1938). 

(9) C. R. Bartey, R. R. Gorvon, J. B. Hare, N. Herzrecp, C. K. and H. G. Poor, J. Chem. 
Soc. 299 (1946). 

D. H. Warren, J. Chem. Soc. 1350 (1956), 

K. 8S. Prrzer and D. W. Scorr, J. Am. Chem. Soc. 65, 824 (1943). 

[12) J. C. Evans, Spectrochim. Acta 16, 428 (1960). 
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The vibrational spectra of ethynyl benzene and ethynyl benzene-d 


Table 1. Vibrational data for ethyny!l benzene 


Infrared Raman 


Assignment and 

Solution Liquid Liquid Dep. approximat« description 

(em™!) Type (em™*) (em™?) R 

3340 AB 3315 3291 

3320sh 3305 3310sh 


3148 3148 
3101 S101 
3083 
3065 3064 3063 


3058 mw 3060 


3035 w 3037 
3022 w 3022 
3002 sh 3002sh 3002 


2968 vvw 2968 2967 


6 


2928 vww 2928 
2790 vvw 2790 
2620 


2340 
2325 
2254 
2118 2113 S00 
2O80sh 
1952 


1800 
1748 
1670 1668 
1645 
1600 ’ 1597 5g 1599 
1575 


1514 

1490 

1446 

1438 

1408 

1382 3S: 1) 

1372 

1332 1332 ring st 

1295 1310 1309 A) 

1285 1283 1284 CH bend. 

1240 1245 b 1229 29 Vgq\ 1, 
BoraA 1220 


6 ¢(Ay) 
170 CH st. 
ae CH st. 
a CH st. 
4 7\ B, ) 
1,) 
Vo 
Ve Ve A, 
nd By) 
» ‘ 
2r9(A,) 
16 "6 32! 
L960 "16 9) 
2122 2119 w 0-4, 
Vag 
’ 1064 w , 
1947 w Veg B,) 
1880 ? 1895 w Veg + 
I87l w 1882 N26 B,) 
1820 w 1825 Voq Veg B,) 
26 Ay) 
Veq 
Vag Vay! 1,) 
a 2 V9 Bo) 
0-7, ring st 
(h,) gy st. 
ring 
1534 Voq Vgo( B,) 
1493 
1298 
1222 
) » 3 
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Table 1 (contd.) 


Raman 


Assignment and 
Liquid Liquid Dep approximate description 


1192 


4 vw 117s L178 2. vgia,), CH bend. 
vw 115s 1160 20 Vogl, CH bend 
vw 1100 Vos 
1029 B 1028 m 102s 1029 Is 0 ly CH bend 
983 vvw Ost Os4 Od and 


molecule 


O67 O71 Vog(4,), CH bend. 

928 sh 930sh + Ba) 
SSH ( SS? vw Vos Vg 1,) 


‘H bend 


(b,), CH. bend. 


OSS Va “Hol ring def 

648 B H48 653 657 5 a bend. 

612 H10s 619 621 30 ring def and 
"a3 bh.) o.p C—H 


bend 
531 ( 529 m 531 531 22 D V'gq(b,) sk. def. 
sk. def. 


41S vvw 418 ring def. 
351 vw 352 353 27 Dd Vo5(,) sk. def. and 
sk. def. 
165 74 dD Vag) sk. def. 


Abbreviations; vs very strong: 5 strong: m medium; w weak; 
vw verv weak; sh shoulder; b broad. 
I relative peak heights uncorrected for spectral sensitivity changes. 
Db apparently depolarized within experimental uncertainty. 
definitely polarized 


heavy molecule. The obvious explanation for these marked changes in position 
and intensity is coupling between the C—D and C-=C modes. CRAwFrorD's 
intensity sum rules for isotopic substitution [13] may be applied to the a, modes, 
and an approximate measurement using the dilute solution infrared data showed 
that the experimental observations were in accord with the rule. 

Of the b, modes, nine are characteristic of the phenyl ring and are presented in 
the tables without further discussion (v,, to r..). One of the three remaining 4, 
modes is adequately described as the in-plane acetylenic CH bending mode and is 
undoubtedly responsible for the B-type infrared band at 647 cm~'. The 6, acety- 
lenic CH bending mode is at 612 cm~'—a C-type band. A study of the magnitude 


13] B. L. Crawrorp, Jr., J. Chem. Phys. 20, 977 (1952). 
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Table 2. Vibrational data for ethynyl benzene-d, 


Infrared Raman 


Assignment and 
Vapor 


Solution Liquid Dep. approximate description 
Type l R 
3340 3320 3300 ethynyl benzene imp. 
3182 
3150 $3145 
3100 
3085 S084 
3068 3068 3063 
3059 3059 
3037 3035 3040sh 
3024 3023 
3000 
2960 2965 
2922 
2867 
2608 2596 2582 
2560 2550 
2110 impurity 
1989 1983 1981 160 
1974 1972 
1948 1950 
1939 
L890 
1880 ? L878 
1820 1822 
L800 ? 1804 
1745 ? 1751 1752 
1670 1668 1672 


1630 v 
1600 ’ 1596 1596 1596 ‘7 vg(a,), ring st. 


1572 1573 


ring st. 
1514 1512 
1489 s 1489 1490 v,(a,), ring st. 
1443 1443 1443 2 ¥7(9,), ring st. 
1382 L380 (A,) 
1370 1367 
1328 1330 1331 Vig 
1279 1280 1283 Vy9(0,), CH bend. 
1218 1221 
1189 1189 1189 
1174 1175 1176 : vg(a,), CH bend. 
L157 1158 1160 Voo(b,), CH bend. 
1098 1100 Vos B,) 
1069 1069 1069 1067 v»,(b,), CH bend. 
21\"1 
1034 vw 
1021 1023 w 1022 1026 . V1 CH bend. 
1010 Voc 
998 998 1000 


Vox 
32! A 1) 
(b,), ring st. 
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Table 2 (contd.) 


Infrared Raman 


Assignment and 
Solution Liquid 1) Liquid Dep. approximate description 


1) (cm 1) I R 


em 


982 vvw 3 P CH bend and 


mol. 


968 vwsh Vog(4g), CH bend 
958 952 m 972 
917 ( 914 m 914 Ve9(b). CH bend. 
871 S71 vw 872 Vos, V'g4(Ag) 

S40 CH bend. 
759 13 0-2, 

759 ( 754 vs 754 V'g(b9), CH bend. 
69] 688 vs 688 ring def. 


impurity 


623 4 D ring det 
531 ( 529s 532 532 ] 


is] ( 482s 486 


dD 


r abbre 


viations key. 


of the splitting between these two modes in a number of substituted acetylenes 
was recently made [14]. At first sight it is surprising that in the light molecule 
this splitting is 35 em~ while in the heavy molecule it is practically zero, the two 
modes yielding one band at 482 cm~'. However, the explanation for this is 
apparent when it is noted that a B-type band at 517 em lin the spectrum of the 
light molecule is absent from that of the heavy molecule. The latter mode, rq, 
involves bending of the C—C==C group and vibrational coupling between this 
mode and the 6, CD bending mode occurs resulting in two new modes, one arising 
some 13 cm— on the higher wave-number side of 517 em~! thus coinciding with 
the (-type band at 530 em~!, while the other arises at approximately 482 cm! 
coinciding with the b, CD bending mode. The remaining ), mode which involves 
bending of the skeleton is assigned to the bands at 353 em~! (345 em Lin the D 
molecule). 

The three a, modes give rise to very weak infrared bands which were observed 
in the liquid phase but not in the vapor phase. The Raman bands were not 
detected. One mode, at 418 em=', is a ring deformation while the other two are 
ring CH bending modes. These latter modes are best assigned by a consideration 
of the strong overtone and combination bands which appear in the 1650-2000 


em region [15, 16]. Details are given in the tables. 


14) R. A. Nyevrist and W. J. Ports, Jr., Spectrochim. Acta 16, 419 (1960). 
151 C. W. Younes, R. B. and N. Wrient, Anal. Chem. 23, 709 (1951). 
16) D. H. Warren, S pectroc him. Acta 253 (1955) 
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(em 
7 648 B 650 vw 
61 ( 71 
7 
41S vvw 418 
. . . ~ J i} 
344 vw 342 $45 ANG Ig, . 
See Table | 196 


The vibrational spectra of ethynyl benzene and ethynyl benzene-d 


In the b, class are three ring CH bending modes, two of which give strong 
C-type infrared bands at 918 and 758 em~ while the other yields a weak infrared 
band at 986 em-!. The weak band at 983 em in the Raman spectrum is polarized 
and is thus not due to the same mode; presumably, it is due to the ring-breathing 
mode of the molecule #2C;°C,H,C,H. The 6, ring-bending mode at 690 cm™ 


Table 3. Teller—Redlich products 


Pheore | Observed 


0-716 
0-741 


0-726 


yields the usual strong C-type infrared band while the strong C-type band at 530 
em-! must be assigned to another 6, ring deformation mode which probably 
involves some motion of the C—C=—-C group also. The b, acetylenic CH bending 
mode has already been discussed. Two 6, modes remain. One is assigned to the 
strong depolarized Raman band at 165 em~ (light molecule) and 155 em~ (heavy 
molecule). No unassigned bands remain in the region in which the remaining 


Table 4. Molal thermodynamic properties of ethynyl benzene in the ideal gaseous state 


(H H 


KK) 


298-15 27 7 15-13 
300 27 15-21 
LO) 35-95 19-39 
500 2 94-95 23-40 
7-07 


TOO 0-38 81-25 


3 
55-7 33°34 84-82 


1100 5-26 96-59 
1200 2-7 42-5 100-21 
1300 § 44-35 103-68 
1400 7-4 52 15-07 107-03 


1500 9-05 57-7: 47°47 110-25 


Units are cal/°C mole. 


mode is expected. It should be of moderate intensity and in view of this it is 
taken to be coincident with the b, mode at 353 em~ and to be affected to the 
same extent by deuterium substitution. 

Good agreement between observed and theoretical Teller Redlich products 
is obtained (Table 3). 


Species 
- 
b, 0-724 
b, 0-738 
4 ( I 1 ] 
61-74 
61-84 
66-79 
71-55 
76-15 
: 
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Thermodynamic fu nections 


Standard statistical methods based on the harmonic-oscillator, rigid-rotator 
approximation were used to calculate the thermodynamic properties of the ideal 
vapor at 1 atm pressure. The symmetry number of ethynyl benzene is 


2. The molecular dimensions assumed were: the benzene ring dimensions [17]; 


c=c 120A: C—C 1-454: C—H 1-06A. The moment of inertia product was 
5-711 x 10-3 g3 em [6]. Calculated data are given in Table 4. 


[17] B. P. Srorcnerr, Can. J. Phys. 32, 339 (1954). 
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An analysis of the vibrational spectrum of the tetracyanonickelate(II) 
ion in a crystal lattice* 


R. L. MeCuttovent?, L. H. Jonest and G. A. Crospy§ 


(Received 7 March 1960) 


Abstract—The polarized infrared spectra of single crystals of Na,Ni(CN),3H,O and 
BaNi(CN),-4H,0 are reported. Factor group analyses on the two crystal systems yielded two sets 
of selection rules which both aided in the assignments of the frequencies for the tetracyanonickelate 
(11) ion and accounted for the diversity in the band structure found in the two sets of spectra. 
Interfering water vibrational frequencies were adequately distinguished by comparison with the 
spectra of the analogous compound, NagNi(CN) .-3D,0. Employing a simplified quadratic 
valence force field, approximate valence force constants were calculated for the tetracyano- 


nickelate(IT) ion. 


Introduction 
THe chemical nature of the tetracyanonickelate(II) ion will not permit it 
to exist in the gaseous or liquid state. One then must be content with spectra of 
the species obtained from crystalline specimens, or from solutions. 

Since the symmetry of the surroundings of an ion in the crystalline state 
usually is known explicitly, while the symmetry of the surroundings in a solution 
is not well defined, it follows that the spectra observed for the crystalline state 
will be more informative. We restrict our attention, then, to the crystalline 
spectra of the tetracyanonickelate(I1) ion. 

The approximation that the magnitude of the observed infrared frequencies 
for molecules imbedded in crystals is not altered significantly from the correspond- 
ing frequencies of the isolated molecules has been used by several workers and 
does not appear to be seriously in error. The selection rules for the appearance of 
infrared spectra for crystals, however, are usually significantly altered from the 
rules formulated for the isolated molecules | 1}. 

In this work, attention is focused on the intramolecular vibrations of the 


tetracyanonickelate(I1) ion in the triclinic and monoclinic lattices of the sodium 


and barium salts, respectively. Preliminary observations of the crystalline spectra 
of the tetracyanonickelate(II) ion demonstrate that the degenerate frequencies 
are split only slightly and that multiplet structure is absent. Furthermore, it 
was observed that, even though a difference of band structure in the spectra for 
the two crystal systems existed, the magnitude of those corresponding frequencies 
appearing in the spectra of both the monoclinic and triclinic crystals was not 


* This work was sponsored by the U.S. Atomic Ene rgv Commission and is taken from the second 
part of a dissertation presented by R. L. McCu.toven to the University of New Mexico in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 

+ Now at Chemstrand Corporation, Decatur, Alabama. 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico. 

§ Department of Chemistry, University of New Mexico, Albuquerque, New Mexico. 


1| H. Wenston and R. 8. Hatrorp, J. Chem. Phys. 17, 607 (1949). 
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significantly different. These considerations lead us to the conclusion that the 
magnitude of the observed frequencies is very near the magnitude of the hypo- 
thetical isolated ion frequencies. 

The procedure we will follow is one in which the activity of the factor group 
representation is assigned to the representation of the molecular group with which it 
is correlated (through the site group). The observed frequencies of the crystalline 
spectra then are assigned to the appropriate representation of the molecular group. 

The physical situation implied by this treatment is one in which the electron 
distribution of the isolated complex ion is assumed to be altered slightly by the 
crystal environment, so that selection rules which differ from the isolated ion 
selection rules are now in effect. The symmetry, in the crystal lattice, of the 
skeletal structure of the nuclei comprising the complex ion, however, is assumed 
to be the symmetry of the isolated ion. Hence, the nature of the normal modes of 
vibration will be determined by the molecular symmetry (as given by the molecular 
group), while the selection rules which govern the infrared activity of these normal 
modes will be determined by the crystal symmetry (as given by the factor group). 

The difference in selection rules for the triclinic [Na,Ni(CN),3H,O] and 
monoclinic [BaNi(CN),-4H,O] crystal systems, along with the additional evidence 
afforded by polarization measurements on single crystals, greatly facilitates the 
assignments of the frequencies. 

As is the usual case, the general quadratic valence force potential function 
contains many more force constants than there are observed fundamental fre- 
quencies. Therefore we have used a simple valence force field to calculate the 
force constants. 

Experimental 

Sodium tetracyanonickelate(II1) was prepared [2] by the precipitation of nickel 
dicyanide from a nickel nitrate solution and the subsequent dissolution of the 
nickel dicyanide with a stoichiometric quantity of aqueous sodium cyanide. 
Recrystallization yielded yellow needle-like crystals of sodium tetracyanonickel- 
ate(II) with three molecules of water of crystallization. 

The compound Na,Ni(CN),3D,0 was prepared by dissolving anhydrous 
Na,Ni(CN), in D,O and the subsequent crystallization of Na,Ni(CN),3D,0 from 
this solution. 

Barium tetracyanonickelate(II) was prepared in the same manner as the sodium 
tetracyanonickelate(II) with the substitution of barium cyanide for the sodium 
cyanide. Recrystallization yielded red rectangular crystals of BaNi(CN) -4H,0. 

The optical properties of these crystals agreed with those reported by BRaASSEUR 
and pe Rassenrosse [3,4]. Dehydration of crystals of Na,Ni(CN),3H,0 and 


BaNi(CN),4H,O occurred slowly at room temperature w hen exposed to laboratory 


air. Thus, to prevent loss of water from the single crystals while they were in the 

infrared beam, each crystal examined was coated with a thin layer of mineral oil. 
The weaker absorption bands were obtained from single crystals, while the 

2) W. C. Ferwewivs and J. J. Bersace, Inorganic Syntheses Vol. U1, p. 227. MeGraw-Hill, New York 
1446 

3) H. Brassevr and A. pe Rassenrosse, Mem. soc. roy. aci., Liége 2, 4, 397 (1941). 


4) H. Brassevr and A. pe Rassenrosse, Bull. soc. franc. mineral 61, 129 (1938). 
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stronger bands were observed from oil mulls. An oil of the appropriate index of 
refraction (n” = 1-588) was used to minimize the Christiansen effect. 

The spectra were observed using LiF and CsBr prisms with a Perkin-Elmer 
model 112 spectrometer. The 2-5 «4 spectra were obtained from single crystals 
using a Cary model 14 recording spectrophotometer. A standard Perkin-Elmer 
polarizer made up of six silver chloride plates was employed. 


Symmetry considerations and selection rules 


Molecular symmetry 


The tetracyanonickelate(II) ion is square planar. The nitrogen atoms are at 
the corners of the square with the nickel atom residing at the intersection of the 
diagonals. The carbon atoms are on the diagonals at a position intermediate 
between the nickel and nitrogen atoms [3] (see Fig. 1). Thus the ion has symmetry 


INPLANE 


OUT OF PLANE 


Fig. 1. Internal co-ordinates for the tetracyanonickelate(IT) ion 


D,,. We will regard the fourfold axis as parallel to the Z-axis of the Cartesian 
co-ordinates. The twenty-one normal vibrations are grouped into nine representa 
tions as shown in Table 1. 

Crystal symmetry 


X-ray studies have shown that Na,Ni(CN),3H,O has the triclinic symmetry 
of the space group C} (P1) [3], while BaNi(CN) ,-4H,0 has the monoclinic symmetry 
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lable 1. The svmmetry of the normal vibrations of the 


tetracvanonickelate(IT) ion 


No. of Approx deseription of 


Representation 
vibrations vibrational mode* 


of the space group C), (€2/ i Both of these crystals contain four molecules 
per unit cell. In the case of the Na,Ni CN /3H,O ‘ rystals the tetracyanonickel- 
stte(T1) ions and the water molecules are located in general positions of site sym- 
metry (©, In the case of the BaNi(( N) ,4H,0 crvstals, the water molecules are 
located in general positions of site symmetry ©), but the tetracyanonickelate(IT) 
ions are located on special positions of site symmetry (.. The sodium atoms are 
located on sites of symmetry C, and the barium atoms are located on sites of 
symmetry 

For both the triclinic and the monoclinic crystals, the crystal-structure data 
show that the tetracyanonickel ite(I1) ions are arranged in planes parallel to the 
ab-plane of the unit cell For both compounds the c-axis is nearly perpendicular 
to the ab-plane. Hence we expect in plane modes to absorb radiation polarized 
nearly perpendis ular to the c-axis of the crystal while the out-of plane modes 
should absorb radiation polarized nearly parallel to the c-axis of the crystal. The 
orientation of the water molecules has not been determined by X-ray studies, but 
the lack of any obvious polarization characteristics indicates that they are not 
all oriented in the same direction. 

Figs. 2 and 3 relate the representations of the indicated molecular group, site 
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group, and the point group isomorphic with the factor group of the crystal. The 
appearance of a 7’ by a representation denotes infrared activity. 

From Fig. 2 it is seen easily that for the triclinic crystal, Na,Ni(CN),-3H,0O, 
all representations of the molecular group for the tetracyanonickelate(II) ion are 
correlated to an infrared active representation of the factor group; hence, all its 
molecular frequencies can be infrared active in the triclinic crystal. Similarly, 
Fig. 3 shows that only the « representations of the molecular group for the tetra- 
ceyanonickelate(I1) ion may be infrared active in the monoclinic crystal, 
BaNi(( 'N) 4H, ). Hi nee. only fundame ntal and combination mode of u symmetry 


E GROUP FACTOR GROUP 


MOLECULAR GROUP c 


Fig. 2. Correlation chart of the t 0 ry. 4 ‘ elation 
nickelate(II) ion tor the tri icKkelal« on lor the mo 
Na, Ni(CN)¢3H,0 BaNi(CN) 


nocl 


will be allowed for the monoclinic crystal, hut all fundamental and combination modes 
will be allowed jor the triclinic crystal. Thus, one can distinguish many of the u 
vibrations from the q vibrations by comparing the spectra of the triclinic and mono- 
clinic salts. 

All representations of the molecular group for water may be activity representa- 
tions for both the triclinic and monoclinic crystals. 


The factored kinetic and potential energy matrices for the 
tetracyanonickelate(II) ion 


The normalized internal symmetry co-ordinates for the tetracyanonickelate(I[1) 
ion under ),, symmetry have been taken as given in Table 2. These internal 
co-ordinates are defined in Fig. 1. 

Using these symmetry co-ordinates, the secular equation was set up according 


to Witson’s procedure [5]. The kinetic energy matrix elements, i.e. @-matrix 


elements, are given in Table 3 and the potential energy matrix elements, i.e. 
F-matrix elements, are defined in terms of the general quadratic valence force 
field in Table 4. The G-matrix elements are similar to those reported by SWEENEY 
et al. |6), however, they did not give them for the out-of-plane co-ordinates. 


Assignment of frequencies 
The observed infrared vibrational spectra of Na,Ni(CN),3H,O and BaNi 
(CN), 4H,0 are given in Figs. 4-7. Table 5 summarizes the observed frequencies, 


[5] E. B. Wirson, J. C. Dectus and P. C. Cross, olecular Vibratione. McGraw Hill, New York 


( 1055) 


6] D. M. Sweeney, I. NAKAGAWA, San-Icurro Mizusuima and I. V. QuAGLIANO, J. Am. Chem. Soc. 78, 
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SSH (1056) 
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Table 2. Symmetry co-ordinates for square planar Ni(CN en 


MWe 
\ (2 


pa) 


hond length of the C-—N (1-15 A) [7]! and the 


ils of the equilibrium 
the reciprocals of the masses of C, N 


7 are e reciprot 
bonds respectively. The and are 


Nature of the Chemical Bond p- 168. Cornell University Press, Ithaea (1054). 


Paviine, The 
. Cross, J. Chem. Phys. 3, 8258 (1935). 
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Table 4. Symmetry force constants for the tetracyanonickelate(I1) ion 


Per 


V/(2)(F,, 
V(2)( 
F, — Fos 
V(2)( Fy, 
F*, 
Fy — 2P og + Pog 


(2)( Fog Fo4) 


Fy 


Here the F,,’s are valence force constants. The ij subscripts refer to the ith valence co-ordinate 
interacting with the jth valence co-ordinate. The prime and double prime refer to the interaction with 
an adjacent or opposite valence co-ordinate, respectively. 


Bo Ni (CN), 


/ 


(CN), 


Fig. 4. Spectrum of oil mulls (ny = 1-588) of Na,Ni(CN),3H,O and BaNi(CN),-4H,O 
in the 2000 cm~' region showing the cyanide stretching frequencies. Abscissa in em~!. 


(Perkin-Elmer model 112, LiF prism.) 
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Table 5. Observed vibrational frequencies of Na, Ni(CN).3H,O and BaNi(CN),4H,O 


Approx. ext. 
(em 


coet. § Pol.** 


Assignment tepresentation 


(moles * em*) 


4243* 
4229* 
359057 
35407 
34357 
32407 


2674*+ 


2617** 


24 

2429° 
207 * 
2149** 
2141%+ 
2132*+ 
2128** 
2005" 
20807 
20877 
208357 
20807 
1625+ 


ri 
iit 


The approximate extinction 
ippropriate optical ae 0 i given band with the optical 


rs 
(em?) 
“a 279* 30 2y A 
427% 1 ly 
4237* 20 + E,, 
3595t+ v(H,O) 
3535+2 r(H,O) 
3440+* r(H,O) 
2 
3250++ r(H,O) 
de + 
2792* ip Vs By, 
2683 130) ip "4 "9 E 
2618** | 35 ip Vg 
2563 150 ip Ve Yio A,, B,, 
a Ay, + Ba, 
29 2y 
2549*+ 2547*4 150 ip Ye + E. 
2535%+ 2533*+ 150 ip re + Me E,, 
2458* 8 ip "s Ey 
8 op Be, 
115 ip 7 B,. — 
2126 1070 ip Ve E. VOL 
21204 1035 ip Vs 16 
5 op B,,, 106 
4 3 ip N) 
2070" 3 Ip | N 
1620 »(H,0) 
2 
= 710 30 + | Ay, + Ae 
B,, + Bey 
673+* 680 r(H,O) 
617+2 6167 HO) 
552+* 563+ 70 vH,O 
545 (an 
hvdrous Vo 
1687 * 468 n(H,O) 
$48+* 148" Vio 1,,, 
433++ 30) 200 E. 
42) ++ 4?) 200) Vig 
369 3704 »(H,0) 
* Frequer obset for single crystals 
| en obset | ! mulls 
Freque observed for KBr pressed dis! 
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** ip n-plane polarization character 
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their representations, polarizations and assignments. Those frequencies labeled 
as water vibrations were identified as such by observing the spectra of crystals 
of Na,Ni(CN),-3H,O, Na,Ni(CN),3D,0 and Na,Ni(CN),. The peaks which are 
common to all three have been ascribed to Ni(CN),? 

Fig. 6 shows the polarized spectrum of Na,Ni(CN),3H,O. Both crystals 
show polarization in support of the crystal structure data [3, 4], with all in-plane 
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Fig. 5 Spectrum of single ervs “ig. . Polarized spectrum of sing! ervstals 


tals of Na,Ni(CN)y3H,O0 and of Na,Ni(CN),3H,O and the unpolarized 


BaNif(CN $H.O in the ectrum ot Sa in the 2000 


1 region. Abscissa in region. Abscissa in (Perkin—Elmet 


em 
(Cary model 14 recording spec model 112, Lif’ prism 
trop otometer, 


vibrations polarized nearly perpendicular to the c-axis. However, we show only 
the polarized spectra for the sodium salt because the only suitable crystals of the 
barium compound were too thick for observation of the out-of-plane vibrations 
at 2207 and 2095 cm~!. Furthermore, the out-of-plane vibration at 2429 cm~? is 
inactive in the barium compound. Thus the polarized spectrum of BaNi(CN),-4H,O 
is less informative than that of Na,Ni(CN),3H,O. The polarized spectra we have 
observed serve to verify the crystal structure reports [3, 4]. 
A,, vibrations 

Three frequencies [2149, 2141 and (2132, 2128)cm~'] were observed which 


could be associated with C—N stretching frequencies (see Fig. 4); Marurev and 
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CoRNEVIN [9] report Raman shifts for aqueous solutions of Ni(CN),?~ at 2159 and 
2149cem~. Their polarization data show that the higher frequency (2159) is of 
A,, symmetry and thus the lower is of B,, symmetry. We propose that the band 
which we observed at 2149 em~! corresponds to the A,, Raman shift at 2159 em~ 
in aqueous solution, and we assign it to x, This band possesses g symmetry, since 
no equivalent band appears for the monoclinic crystal (see Fig. 4). The band at 


CN) 


J 


ABSORPTION 


ABSORPTION 


No, (CN), 


Be (CN), 44,0 


450 500 


Fig. 7. Spectrum of mineral oil mulls of Na,Ni(CN),, Na,Ni(CN) ¢3D,0, Na,Ni(CN)43H,O 
and BaNi(CN),4H,O in the 500 cm-' region at the temperature of liquid nitrogen. 
Abscissa in em~!, (Perkin-Elmer model 112, CsBr prism.) Note; At room temperature 
the spectrum of the anhydrous sodium compound is the same as at liquid-nitrogen tempera - 
ture. The spectra of the hydrates are smeared out considerably at room temperature. 


279 em, which we assign as 2»,, gives a reasonable anharmonicity correction 
of ~ —9%-5 em [10], Furthermore, this band at 4279 has no counterpart 
in the monoclinic spectra, which again indicates g symmetry. 

We observed no fundamental which can be correlated with the A,, metal- 
carbon stretching vibration. However, two relatively intense combination bands 
were observed at 2549 and 2535 cm~'. They are both polarized in the tetracyano- 
nickelate plane. Since they appear in the barium compound also they must be 
of « symmetry. We are confident that they arise from combinations of a cyanide 
stretching vibration with a metal—carbon stretching vibration, as in all cyanides 
studied [10-13] the most intense combinations are yoy + vyc. They cannot 


. P. Marurev and Suzanne Cornevin, J. chim. phys. 56, 271 (1939). 
Chem. Phys 27, 468 (1957). 
. Chem. Phys 26, 1578 (1957). 
J. Chem. Phus 27, 665 (1957). 


. Chem. Phys. 29, 463 (1958). 
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involve v,, (which we later assign at 430 cm) as this would require a CN frequency 
of g-symmetry at 2119 cm (the lowest is 2141 em~). Thus we conclude that 
they arise from », (2130cem-") of £,-symmetry combining with g-stretching 
vibrations at 419 and 405 cm~. 

By using the low-frequency approximation [14] for the A,, and B,, deter- 
minants, we have: 


ha) 45 ri 


It has been demonstrated that the metal—carbon interaction constants for 
Ni(CO), are positive [15]. Assuming that the metal—carbon force constants for 
the tetracyanonickelate(IT) ion are analogous to the metal—carbon force constants 
for Ni(CO),, we have (from the definitions of Fiy and Fi, given in Table 4) 
the following inequality: 

A,/4, > 1 


The assignment of y, as 419 cm~! and »,; as 405 cm~ is consistent with this 
inequality. 


B,, vibrations 

We conclude a priori that the band at 2141 em corresponds to the Raman 
shift at 2149 cm~! as reported by Maruirev and CorNeEVIN [9] and assign it as », 
of B,, symmetry. This band possesses g symmetry, since no equivalent band 
appears for the monoclinic crystal. 

The arguments presented under “A,, vibrations” lead to the conclusion that 
405 cm~ is the »; fundamental of B,, symmetry. 


E,, vibrations 

There is little doubt that the frequency pair (2132, 2128) em~ belongs to the 
ve Vibration of the degenerate FL,-representation, apparently split by the lattice 
interactions. The bands at 4254 and 4237 cm~, which appear in the spectra of 
the triclinic crystal (and at 4243 and 4229 cm~ in the monoclinic crystals), can 
be explained by a combination of », with », and ,, respectively. These assignments 
yield anharmonic constants X,, and X,, of —25 and —34 cm~, respectively. 

As seen in Fig. 7, three frequencies, (433, 421), 543 and 448 cm~', appear in 
the 400-600 cm region of the spectra for both crystal systems. These bands are 
obtained in Na,Ni(CN),, Na,Ni(CN),-3D,0 and Na,Ni(CN),3H,0, though in the 
last case they are overlapped by H,O peaks. Only two of these can belong to 
the E£,-representation. 

The appearance of a strong combination band at 2563 cm~ possessing in-plane 
polarization character in the triclinic crystal, and the absence of such a band for 
the monoclinic crystal, may be explained by the combination of a band of ~430 
with This low-frequency vibration must belong to the E,,-representation 
in order to satisfy the polarization and selection rule requirements for the observed 
peak. 

(14) B. Wiutson, Jr., J. C. Decrus and P. C. Cross, Molecular Vibrations p. 311. McGraw-Hill, 


New York (1955). 
{15} L. H. Jongs, J. Chem. Phys. 28, 1215 (1958). 
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The band at 2683 cm-! may be explained by the combination of », with a 
frequency of ~543cm~. The selection rule and polarization requirements for 


the observed peak dictate that this low frequency must belong to the F,,-repre- 
sentation. 

These considerations lead us to the conclusion that the frequency at 448 em~ 
must belong to either A,, or B, 

The distinction as to which kind of motion of £,-symmetry is involved in the 
frequencies (433, 421) and 543 em is not obvious. As will be shown later, the 
vibration of 543 cm~' is apparently mostly Ni—C stretching while (433, 421) is 
apparently mostly Ni—C—N bending. 

No fundamental. difference or summation band was observed which we could 


associate with r,,. It should lie below 100 cm 1 


ribration 


Combination bands were observed at 2618 and 2455 cm~ (see Fig. 6). These 
show in-plane polarization and are both of w-symmetry. Since they are most 
likely binary combinations (including a cyanide stretching vibration), they must 
involve an £,-vibration plus an in-plane g-vibration. The only remaining possibi- 
lities are the two Ni—C—N bending vibrations of A,, (v,) and B,, (vg) symmetry 
combining with the £. ¢ N stretching vibration at 2130 cm. This means that 
y, and v, should be assigned to 325 and 488 em™ though we cannot distinguish 
between them without further consideration. 

ty using the high-frequency approximation for B,, we have {16}: 
FB: 
Assuming then that the Ni—C—N interaction force constants for the tetracyano- 
nickelate(I1) ion are analogous to the Ni— 0 interaction force constants for 
Ni(CO), [15], we have (from the definition of F4% and Fs given in Table 4) the 
following inequality: 


The assignment of y, as 325 cm~ and x as 488 cm~ is consistent with this 


As shown in the argument presented under “A,, vibration.’ 488 em~' should 
be assigned to the » vibration of B,,. We observed no difference, summation 


or fundamental band which we could associate with v,. 


Hrationa 


The arguments presented in “£,, vibrations” indicate that the band at 450 em~™ 
for the triclinic and monoclinic crystals must be either the »,, fundamental of 

or the v,, fundamental of B,,. Since under the isolated ion approximation 
A,,, is infrared active and B,, is not, it seems appropriate to assign 450 cm~' to 
the A,, vibration, v,,, as it should probably be more intense than »,,. 


We observed no frequency which we could assign to ¥,. 


J. ¢ Decerus and P. ¢ Cross, Molecular Vibrat Ons | 74. MeGraw-Hill, 
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B,,, vibrations 


No fundamental or combination bands were observed which we could correlate 
to the v,, vibration of B,,. 


The band at 2095 cm~ diminished greatly on cooling to liquid-nitrogen tempera- 


ture and thus is assigned as a difference band. This band and the summation 
band at 2207 cm~!, both observed only for the triclinic system, indicate that a 
frequency of g-symmetry at 54 cm~! is combining with »,. Both of these bands 
have out-of-plane polarization character. However, there is no g-frequency with 
out-of-plane polarization character which may be of the magnitude of 54 em—. 

Since the monoclinic system approaches ),,-symmetry, it would seem reason- 
able to assume that the B,,-frequencies are either very weak or absent in the 
spectra of BaNi(CN),4H,O. This low frequency could be the »,, vibration of 
B,,-symmetry or possibly a lattice vibration. Since ~50 cm~ is about the right 
magnitude for this out-of-plane bending frequency, we conclude that this frequency 
at 54 cm~' is the v,, vibration of B,,. 


vibration 

The appearance only for the triclinic crystal of a band at 2429cem~— with 
out-of-plane polarization character, and the appearance of a band at 710 cm! 
for oil mulls of both the triclinic and monoclinic crystals indicates strongly that a 
frequency of 280 cm~ is combining with », and 79, respectively. The polarization 
and selection rule requirements dictate that this frequency is the »,, fundamental 
of 

The assignments of the fundamental frequencies are summarized in Table 6 


Table 6. The observed fundamental frequen 1es 


for sodium tetracyanonickelate(IL) trihydrate 


2149 
419* 
325* 

2141 
405* 


488 * 


547 


280* 


* Obtained from summation bands. 
+t Obtained from a difference band and a sum- 
mation band 
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Potential function and force constants 
A general quadratic valence force potential function for Ni(CN),?~ contains 
twenty-seven symmetry force constants which determine sixteen vibrational 
frequencies. Thus it is impossible to determine the force constants from the 
frequencies. Isotopic species containing °C, I5N, *4Ni, ete., can be prepared and 
studied but the isotopic frequency shifts are too insensitive to the choice of 
potential function to add significantly in the force constant determination. 


“Diagonal” valence force field 
A common method of treatment is to neglect arbitrarily all off-diagonal 
constants. Then the sixteen vibrational frequencies can be used to determine 
the sixteen diagonal symmetry force constants. We shall call this a “diagonal 
potential function’. The force constants w hich reproduce the observed frequencies 


are given in Table 7. 


Table 7. Force constants for Ni(CN),? for the two potential 


functions considered 


Diagonal Simple 


16-611 16-67 


3 


0-156 
O43 


O-065 


= 


Ihe 

+ 
(t)) 

+ 

+ 


2s 


O68 


+ 


Fs 
; 


3 


* See Fig. | and Tables 2 and 4 for definition of F, 

+ Units are mdyn/A for and j both stretch, mdyn/rad for stretch- 
bend. and mdwn A rad~* for both bend 

* Values in parentheses are assumed, The value of 0-23 for Fy is 
taken from Ni(CO), [15). 


Simple valence force field 
It seems unreasonable to presume that there can be an appreciable’ interaction 
between CN bonds and no interaction of CN with MC. Thus, the “diagonal” 
potential function has little meaning. A more meaningful treatment is to simplify 
the problem even further and use a simple valence force potential function which 
neglects all interactions and we are left with six force constants: F,, Fp, F,, F,, 
F, and F,. We cannot fit all the observed data by such a restricted potential 
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function; however we can determine force constants which give a reasonable fit 
to most of the observed frequencies. The ‘‘average’’ force constants used are 
given in Table 7. The calculated frequencies are given for comparison with the 
observed values in Table 8. From Table 8 we see that the simple valence force 
field is but a rough approximation. 


Table 8. Comparison of observed frequencies of Ni(( 'N),?> with 


those calculated from two different potential functions 


Observed and 


Simple 


Rep. diagonal 
(em *) 


(em™') 


2149 
419 


2141 
403 


391 


2141 
403 


435 


(303) 
54 


280 


* Values in parentheses were not observed. 


Some authors have used a Urey—Bradley field [6], however, it does not give 
much better agreement than the simple valence force field. Furthermore it is 
unlikely that the main stretch—stretch interaction constants arise from C—C 


repulsion for species in which multiple bonds (and thus valence bond resonance) 


are important. 

From Table 8 it is seen that the main defect in a simple valence force field is 
that the calculated and observed Ni—C—N bending frequencies are in considerable 
disagreement. The fairly large bend—bend interaction terms can be explained on 
the basis of interaction of the pz electrons of the carbon atoms and the dz electrons 
of the Ni atom. This idea will be incorporated in another paper treating the 
Ni(CN),?~ ion under a z-electron interaction valency force field (7I1VFF) similar 
to that used for Ni(CO), [17]. 


(17) L. H. Jones, J. Mol. Spectrosc. In press. 
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Potential energy distribution 
It is of interest to see how much each internal symmetry co-ordinate contributes 
to the various normal vibrations. Thus, the potential energy for a given normal 
vibration, k, of representation, y, can be expressed [18] as 


Ve 


where the (L,), and (L,), are the amplitudes of the i and j internal co-ordinates 
during the normal vibration, /. 

For all but the Z, vibrations the potential energy is primarily (greater than 
90 per cent) in the co-ordinate as described in Table 1. For the £,, vibrations the 
distribution of potential energy is given in Table 9 using the “diagonal” potential 


Table 9. Potential-energy distribution* among internal symmetry 
co-ordinate for E,, vibrations of Ni(CN),? 


"10 


0-04 0 0 
O-S2 O-13 
0-09 
0-03 0-07 0-90 


* The (1 are normalized so that total V for a given vibration equals 1-00 


functions of Table 7. For the simple potential function the results are only slightly 
different. These results indicate that it is appropriate to call », (543 em~') the £, 
nickel-carbon stretching vibration and »,, (430 the Ni—C-—-N bending 
vibration. Of course a potential function including off-diagonal terms would give 
different relative amplitudes. 
Conclusions 

It is apparent that the infrared vibrational spectra of the hydrated crystalline 
salts of the tetracyanonickelate(II) ion, in the environments considered, cannot 
be satisfactorily analyzed by the selection rules obtained from the symmetry of 
the isolated ion. The factor group analysis did, however, produce a set of selection 
rules which explained adequately the crystalline spectra of the tetracyanonickel- 
ate(II) ion. Obviously, a site group analysis [19] also would have produced an 
adequate set of selection rules for the cry stalline systems which were examined, 

It was demonstrated that the detailed comparison of the spectra obtained from 


a given complex ion in different crystalline environments aided effectively in 
making frequency assignments. 


Jn., J. C. Deervs and P. C. Cross, Molecular Vibrations p. 73. MeGraw-Hill, 
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Rotational analysis of the near ultraviolet absorption 
spectrum of pyrazine* 


James A. Merritt and K. Kerra Innes 
Vanderbilt University, Nashville, Tennessee 


Abstract —The absorption spectrum of pyrazine in the region 3200 A has been photographed 
in the fourth order of a 150,000-line, plane grating. Consistent with the identification of the 
main transition with a nonbonding nitrogen electron the bands have the svmmetrical appearance 
of infrared bands, indicating that the inertial constant is changed only slightly by the transition. 
Rotational analysis of the fine structure shows the bands to be of the parallel type, that is the 
electronic transition moment is parallel to the axis of largest moment of inertia and perpendicular 
to the plane of the molecule. Strictly the bands are type-C bands of an asymmetric top. The 
inertial constant determined from the spectrum 18 therefore the average of the two 
constants and the lack of other precise data prevents the determination of the geometrical 
structure. The result for the ground state is B, 0-2048 em~! which is consistent with dimen 
sions interpolated between those of pyridine and those of s-triazine, namely r,(CN) 1-341 A, 
rg(CC) 1-395 A, r,(CH) L-O85 A, CNC 116° and CCN 122°. The 0-0 transition 
is shown to be at 30,875-80cm™~!. The analysis also gives precise values for a number of the 
fundamental vibrational frequencies and supports identification of the bands with an allowed 
'B,,-A, transition. 


A. Introduction 


EXTREMELY sharp pyrazine absorption bands in the region 2900-3300 A have 


recently been subjected to detailed vibronic analysis by Iro ef al. [1] They have 


found that these bands belong to two n-z electronic transitions, one having sharp 
and the other somewhat broader bands, and they have assigned the sharp bands 
to an allowed 'B,,—A, transition and the broad bands to a forbidden !B,,—'A, 
transition (where xy is taken as the molecular plane, with the y-axis through the 
two nitrogen atoms). In both systems prominent progressions of a 'A,-state 
frequency of 600 cm-! have been observed. The corresponding frequencies of the 
'B,-stateand the! B, -state have been found to be 584em-!and 561 em~!, respectively. 
A later analysis of only the 'B,,—'A, system by Hirt [2] agrees with the assignment 
of the 584 cm~ and 600 cm~! frequencies given above and affirms the difficulty of 
fitting all prominent bands of the region into this one system. 

The only rather exact data about the geometry of pyrazine are those from 
WHEATLEY’s X-ray crystal structure analysis [3], which is consistent with D,, 
symmetry. The bond angles so determined seem reasonable but the three bond 
distances seem short compared to those of similar molecules. 

It appears that there is no precedent for obtaining useful information from 
the rotational fine structure of the electronic spectrum of a molecule containing 
more than four heavy atoms. Yet the diazines, particularly pyrazine, should be 
favorable cases for resolution and analysis of fine structures. The molecular 

* Pp 


aper presented at the meeting of the European Molecular Spectroscopy Group, Bologna 1959: 
manuscript received January 1960. 

[1] M. Ivo, R. Surmapa, T. Kuraisui and W. Mizusuima, J. Chem. Phys. 26, 1508 (1957). 

{2| R. C. Hirt, Spectrochim. Acta 12, 114 (1958). 

[3] P. J. Wueatiey, Acta Cryst. 10, 182 (1957). 
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structures are simple but not so symmetrical that degeneracies will complicate 
the spectra; the moments of inertia are almost as small as one is likely to encounter 
in aromatic molecules; and the molecules are nearly symmetric tops. Moreover 
there is reason to expect that in the 3200 A absorptions the bands will be rather 
symmetrical since the transitions should not lead to appreciable alterations of 
electronic structures or of geometries. It was with these points in mind that the 
present high-resolution investigation of the diazines was begun. The results have 
been encouraging. This paper describes work on the! B,,—A, transition of pyrazine. 
Later papers will deal with similar work on pyrimidine and pyridazine. 
B. Experimental 

All spectra were taken in the fourth order of a 3-4-m spectrograph [4]. The 
dispersion was 0-4 A/mm and the resolving power actually observed was more 
than 125,000. The spectra were measured against iron lines of third and fourth 
orders using a David G. Mann Model 300 comparator. 

The absorption tube was 40 cm long and was filled with pyrazine at equilibrium 
vapor pressures corresponding to temperatures from —30 to 25°C. The pyrazine 
was obtained from the Aldrich Chemical Company and was used without further 
purification. The continuous background for the absorption spectrum was provided 
by Hanovia high-pressure xenon arcs. Overlapping orders were filtered adequately 
by a Corning 7-54 filter plus 3 cm of bromine vapor at | atm. 


C. Observed spectra and vibrational analysis 

Most of the bands for which structure was distinguished showed the simple 
appearance of the 0-0 band which is displayed in Fig. 1. The fine structure is 
like that of an infrared spectrum containing parallel bands of a symmetric top, 
that is, the moments of inertia are almost equal in the two electronic states and 
all bands have strong, sharp Q-branches in addition to P- and R-branches. The 
fine structures of twelve bands have been measured. The wave numbers of the 
P- and R-branch lines and of the Q-branch heads are given in Table 1. Since the 
fine details of the bands show little dependence on the vibrations which are excited, 
it is not to be expected that the rotational analysis below will be very helpful in 
assigning vibrational numbers. However, the band centers determined from it 
lead to accurate vibrational frequencies of the two states and these frequencies 
are collected in Table 2, where the numbering is that used by Hirt [2]. One may 
note in Table 2 the reasonable, but unusual, result of a positive anharmonicity 
for the ring frequency v,,'. 

A warning is given that of the bands analyzed only the assignments of the 0—0, 
Veg —O, 2r,,'-0 and 0-»,,” bands should be regarded as well established. For the 


remaining parallel bands fewer than one-half of the present assignments satisfy 
the vibronic selection rules. We intend to return to this difficult and important 
problem of the vibronic analysis after further work with the perpendicular (‘‘broad’’) 
bands of pyrazine and after we have gained experience by studying the largely 
unexplored vibronic structures of the similar spectra of pyridazine and pyrimidine. 

Note added in proof: Since submission of this manuscript in April, 1959, a 
complete gyrovibronic analysis of the pyridazine spectrum has been made. The 


N. McKryney and K. K. Ixnes, J. Mol Spectrosc, 3, 235 (1959). 
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Fig. 1. 0-0 Band of the 'B,,-'A, system of pyrazine, 7 3239. 
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Table 1. Wave-numbers of the lines in the pyrazine bands (Vvacs CM 


30,694-09 


30,880 30.689-45 
30,870-7 89-0] 
70-2 30,699°55 88-5. 
69 30.699-94 
695: 30700-3835 
00-70 
68-48 OL-05 
HS-06 Ol 
O1-7 


93 
7°29 
7-59 

O8-24 
OS-56 
OS-SU 
09-16 
049-49 
09-8] 

10-12 


* The band centers given here are identical with the Q-branch heads within the accuracy of measure- 
ment of the latter. 


preliminary note about that work (Nature. In press) contains also tentative 
reassignments of the pyrazine bands. There, the pyrazine molecule is assumed to 


be non-planar in the excited state, selection rules are obeyed, and all strong bands 
are fitted into a single band system. 


D. Rotational analysis 
The numbering of lines is obtained by extrapolation of the well-resolved P- 
and &-branches to the sharp Q-branch heads which are each within 0-2 em~! of 
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4 
Vo 30,875-79 Vo Ve 30,279-74 
10 30,284-19 30,275-54 
84-48 75-10 
12 84-86 74-65 
13 ~ - 
74°20 
14 85-64 13°77 
15 86-02 73-33 
16 86°38 72-91 
17 86-73 72-48 
Is 87-09 72-03 
19 87-47 71-57 
83-82 67°15 02-15 85-45 87-82 71-1) 
21 84-20 66-68 02-51 85-01 88-19 70-66 
= 22 84°54 66-20 02-86 84-55 88-56 70-20 
23 84-88 65-72 03-21 84-06 48-90 69-75 
Zz 24 85-24 65-28 03-56 83-63 89-23 69-28 
25 85-58 64-79 03-92 83-14 89-57 68-83 
26 85-03 64:33 04-28 82-69 89.906 68-35 
27 86-26 63°85 04-62 82-23 90-31 67-93 
JOLe 28 86-59 63°37 04-97 81-75 00-66 67-42 
16 29 86-91 62-89 05-32 81-31 91-03 66-99 
1960 30 87-23 62-38 05-64 80-79 91-28 66-47 
- 31 87°54 61-94 05-97 80-35 91-62 65-97 
32 87°88 61-46 06-30 TOSS 91-92 
33 60-97 06-61 79-41 Q?.25 
a 34 88-56 60-44 78-91 92-58 
35 88-87 59-94 78-40 92-95 
= 36 89-18 59-47 77-90 93-24 
37 89-48 58-96 77°41 
me 
38 89-82 58-48 76-93 
39 90-09 76-42 
40 90-435 57-44 75°88 
41 90-73 56-92 75-43 
» 42 90-99 56-44 74-91 
43 55-88 74-42 
44 55-42 73-87 
45 73°38 
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Pid 


30,000-51 

LOO BS 
$1 30,334-17 
72 
30.002 iM) 
02-28 2-82 
2-2 
| 
3-42 
03-71 
414 
M57 


om 

30,4005 
US 
us 


the band center. For some bands the extrapolations are so long that the numbering 
is uncertain by a unit, in which cases the numbering is determined by the agreement 
of the combination differences RiJ 1) P(J 1) A, F’"(J) with those of 
bands for which the numbering seems unambiguous. The agreement of the ground- 
state combination differences for the six appropriate bands analyzed is shown in 
Table 3 

The mutual exclusion of the infrared and Raman frequencies of pyrazine |5] 
is strong evidence for the planar D,, symmetry usually assumed for this molecule. 
No evidence has been found in the gyrovibronic structure of the 3200 A systems 
to indicate that the symmetry is modified in the excited electronic states, Thus it 
is assumed that pyrazine is nearly an oblate symmetric top with its largest moment 
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30,510-24 
09-82 
00-37 
; 
09-06 
Os-62 
: 
| 
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= 5 5-8 
17 19-75 05-52 
4 1s 20-13 05-09 

05-31 S856 45-73 29-08 20-85 

05-65 88-13 6-11 28-59 21-28 03-79 
mau 87-23 40-835 21-99 vwe 
86-77 47-20 27-18 22-42 
4 47-55 “6-71 2? OH O¢ 
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85-83 47-88 26-23 23:02 01-46 

84-92 48-57 25-23 23-73 
= 
$1 00-16 53-49 49-62 24-72 
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$2,249-12 
10-56 
490-02 
51-06 
51-41 
51-86 
52 


52-55 


Pid) 


31,463 
64 
64 
66 
66 
67 


67 


Table l (contd.) 


S4 
20 
5S 
38 
76 
oy 
47 
85 


68:47 


68 
6Y 
69 
69 
70 
70 
70 


24 
5S 
91 

24 
5S 
92 


71-61 


py razine 


"ea Vieb 


31,458-42 30,933-15 


Pr. P(J) 


30.938-93 
39-32 
39-67 30,926-19 
OS 25 7: 


25°24 


3 
= Ss Vo 
8 
10 32,242-52 31,454-27 
ll 42-09 53-80 
12 41-63 53-35 
13 $1-18 52-91 
} 15 52-91 40-29 52-04 
i 16 53-31 39-84 51-59 
17 53-04 39-42 51-15 
54-02 38-95 50-69 40-43 
19 54-38 38-48 50-26 40-79 24-86 
. 20 54-78 37°97 49-79 41-14 24-37 
‘4 21 55-10 37-59 49-29 41-51 23-89 
22 55-40 37-11 = 418-83 41-83 23-43 
VOL. 23 55-71 36-64 m6 48-48 42-22 22-98 
16 24 56-05 36-14 47-95 42-56 22-51 
1 25 56-41 35-67 47-47 42-89 22-02 
26 56-74 35-18 | 46-98 45-25 21-57 
a 27 57-04 34-73 46-50 43-56 21-05 
<<. 28 57-34 34-20 46-05 43-90 20 60 
f 29 57-68 33-71 45-56 44-21 20-11 
; 30 33-22 45-09 44-53 19-60 
31 32-94 44-62 44-84 19-14 
: 32 32-20 44-13 45-17 18-60 
i 33 31-77 43-66 45-49 18-07 
: 34 31-21 71-25 $3-16 45-82 17-62 
35 30-77 42-67 46-12 17-10 
: 36 71-93 42-20 46-48 16-56 
37 72-26 41-72 16-04 
38 72-62 $1-20 15-51 
L 39 72-92 40-71 47-40 15-00 
ab: 40 73-26 40-22 47-66 14-44 
rs 41 73-73 39-73 47-98 13-95 
LS se 42 39-19 48-34 13-52 
a 44 38-19 49-08 
45 37-67 49-42 
16 19-73 
4s 50-51 
49 50-82 
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31. 
OS-87 
09-27 
09-57 
00-97 

31,.695-28 10-37 
92-81 10-77 
92-36 
91-90 
01-44 
40-54 


Accurate vibrational frequencies of pyrazine (cm 


Lower state ('A,) Upper state ('/ 


596-06 


415-6 
363-04 


P(J) 


} 
lu 


Hl 
oo 


950 


Rid Pid Ri J) 

31.702-4 
a 1] 31.500-62 32048-4858 
12 03-38 00-20) 

0-63 
15 04-47 

“4 ‘ 50-39 36-98 
16 04-84 44 

49 
Is 05-57 97-59 
1a O5-88 97-10 51-52 
21 06-57 80-12 13-69 06-19 52 18 

ed 06-92 14-08 95-72 34-24 
07-26 14-39 95-23 52-90 33-74 
24 07-57 87-68 14-75 94-75 32 
07-82 87-18 15-07 04-35 53-63 32-81 VOL 
Os-53 15-78 93-36 54-34 106 
Qs.75 92-9] i471 31-42 
09-80 84-25 91-49 29-92 
31 : 
“0 10-10 83-72 O0-95 20-46 
vin 
ae 10-42 83.90 O0-46 29-00 

92.58 
34 10-68 82-77 6-63 

35 10-96 82-27 89-53 
a 37 11-68 
Hint used re 

= 
Vea 
2) 1168 
629-50 
Ven 
822-54 
1370-96 oe 
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> 


Rotational analysis of the near ultraviolet absorption spectrum of pyrazine 


Table 3. Combination differences (J) RiJ —PtJ 1) for the ground state of 


ps razine 


7 4-40 
l2 10-25 10-18 10-23 10-18 10-17 10-20 

13 11-08 11-02 11-12 11-04 11-05 11-06 

14 11-88 11-86 11-86 11-89 11-89 11-88 

: 15 12-70 12-67 12-68 12-71 12-65 12-74 12-69 

is 16 13-52 13-50 13-49 13-49 13-55 13-54 13-52 
17 14-32 14-29 14-30 14-36 14-38 14-37 14-34 

Is 15-13 15-07 15-17 15-16 15-22 15-15 15-15 

19 15-04 16-08 15-99 16-05 16-04 15-99 16-02 

0 16-78 16-88 16-76 16-79 16-82 16-81 16-81 

_ 21 17-62 17-71 17-58 17-67 17-57 17-62 17-63 
> 22 18-48 18-51 18-42 18-46 18-44 18-46 18-46 
. 23 19-26 19-28 19-24 19-26 19-26 19-33 19-27 
24 20-090 20-09 20-08 20-04 20-09 20-04 20-07 

25 20-9] 20-95 20-8] 20-87 21-00 20-90 

26 21-73 21-75 21-57 21-68 21-75 21-75 21-70 

27 22-56 22-44 22-46 22-54 22-59 22-54 22-52 

2s 23-37 23-30 23-29 23-33 23-44 23-39 23-35 

29 24-21 24-14 24-08 24-12 24-14 

a0 24-97 24-95 24-89 24-74 24-89 

l 25-77 25-76 25-76 25-76 


5S 
44 27-36 27°33 27-38 


35 29-09 29-11 29-10 
36 29-91 29-92 29-92 
37 30-70 30-71 30-71 
3S S151 31-53 31-52 
3Y 32°38 


oo ‘ 
33°99 
34°85 


35-57 


of inertia /, about the axis perpendicular to the plane of the molecule. The energy 
levels are given approximately by 
Fi(J, K) BI (J 1) J K 


where h 


B= (A + B) = + 1/1), C 


Since the bands are similar in every respect to infrared, parallel-type bands of 
a symmetric top (or C-type bands of an almost symmetric top) it is assumed that 
the transition moment is parallel to the figure axis of the symmetric top and 
perpendicular to the plane of the molecule. The rotational quantum numbers 
should therefore change as follows: 


AK (), AJ 0, l 


10 
] 
32 26 
1960 : 
- 33 27 
40 33-17 
41 33-99 
4 1? 34-85 
13 35-57 
4 
: 
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except that when K = 0, AJ l only. It is expected that for each value of K 
there arises a sub-band with three simple branches P, Q and R. The complete 
band results from a superposition of such sub-bands. If the variations of moments 
of inertia with vibronic state are neglected, the sub-bands coincide exactly, there 
is a strong collected Q-branch, and the spacing of the composite lines of the P- 
and R-branches is 2B. This description fits very well the band of Fig. 1. 

The analysis proceeds as for perpendicular bands of linear molecules. The 
rotational constants B’ and B" are determined from combination differences 
A, F(J) 1) and the band centers from the equation 1) P(J) 
ay, + 2B R’\y2. No exact determination of the inertial constant ( is 
possible from parallel bands. Band centers w hich have been determined accurately 
are included in Table 1. Some rotational constants are collected in Table 4. 


Table 4. Rotational constants in the By, and the 
14 states of pyrazine 


\ ibrational 
level 


B, lower state RB. upper sti 


00-2048 0-2036 
20359 
00-2027 
00-2035 


Only the average of the two largest inertial constants has been determined in 
this work. The lack of other precise data prevents the determination of the 
geometrical structure. The R-value for the ground state is not consistent with 
the structure parameters given by the X-ray study of Wueat.ey [3] from which 


one may calculate BR’ 0-20900 em-!. However, dimensions interpolated between 


those of pyridine [6] and those of s-triazine |7], namely roy 1-085 A, rey 
1-341 A, fe. 1-395 A, 116° and CCN 122°. give a B-value 


0-2052 em—. which is in agreement with the value determined here. 


E. Nature of the upper electronic state 

Sipmaw. in his review of the electronic states of pyrazine [8], accepted the 
assignment of the sharp bands of the 3200 A system to a 1B. (mn — 
transition which is allowed by molecular symmetry. For such a transition the 
direction of the transition moment is necessarily perpendicular to the molecular 
plane, that is parallel to the top axis, and parallel-type bands such as that shown 
in Fig. 1 are expected. Fig. 1 also illustrates vividly that the inertial constant is 
changed only slightly by the transition, which is consistent with the identification 
of the system with a nonbonding electron. 


6) B. Bak. L. Hansen-Nycaarp and J. Rastrup-ANDERSEN, J. Mol. Spectrosc. 2, 361 (1958). 
7) J. E. Lancaster and B. P. Srorcuerr, Can. J. Phys. 34, 1016 (1956). 
{8} J. W. Sipman, ¢ hem. Revs. §8, 704 (1958). 
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Rotational analysis of the near ultraviolet absorption spectrum of pyrazine 


F. Conclusions 
Clearly, the rotational fine structure has afforded critical tests of ideas about 
the near ultraviolet spectra of the diazines. Analysis of the fine structures has 
given information about the geometrical structures. Thus. the technique of 


gyrovibronic analysis of spectra has been extended to larger molecules. 
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Abstract 


13 n-butyl, 9 i-butyl and 6 s-butyl esters are recorded and discussed. Each type of alkyl group 


Bands characteristic of the alkyl groups in 29 methyl, 27 ethyl, 13 n-propyl, 7 i-propyl, 


shows a definite number of bands, the positions and intensities of which are reasonably constant. 


Assignments for most of the bands to specific molecular vibrational modes are suggested. 


IN A previous paper [1] concerning the infra-red spectra of the methyl and ethyl 
esters of some heterocyclic acids, it was shown that all the important bands for 
these compounds could be assigned to the heterocyclic ring [2], the alkyl group of 
the ester, or the --C—COO— group. The work reported here had the following 
aims: (1) Elucidation and, if possible, assignment of the bands characteristic of 
the alkyl groups of n- and i-propy! and n-, i- and s-butyl esters; (2) determination 
of the general applicability of the bands previously reported to be characteristic 
of the alkyl! groups of methyl and ethyl esters by studying compounds with wider 
structural variations; (3) to gain a better understanding of the variations in the 
number, frequency and intensity of the bands due to the —COO— group that 
result as R and R’ of RCOOR’ are altered; (4) extension of this treatment to some 
aliphatic compounds. This work is part of a more extensive investigation*® in 
which the infra-red spectra of many heteroaromatic and benzenoid compounds 
have been measured under standard conditions (0-2M chloroform solutions using a 
‘:l-mm compensated sodium chloride cell), the bands empirically assigned to 
either the ring or the substituent, and the ranges of frequency and apparent 
extinction coefficient treated statistically. 

The spectra of 104 esters were measured in the ranges 2000-1240 and 1200-800 
em~' under our standard conditions. All the bands with ¢, 10, with the few 
exceptions recorded in the footnotes to the tables, could be assigned to either the 
acyl or the alkyl group. The bands characteristic of the acyl groups are discussed 
in the following paper; those associated with the alkyl groups are recorded in 
Tables 1-7 of this paper. Tentative assignments appear at the head of the table 
columns; band assignments for the methyl and ethyl esters are based on those 


* (ft, the seri 


es of papers “Infrared absorption of heterocyclic and benzenoid six-membered, mono 

vel nucle Infrared absorption of heteroaromatic, five-membered, monocvelic nuclei. Infrared 

absorption of substituents in aromatic systems’’ and “‘N-Oxides and related compounds,” by A. R. 
KATRITZKY and his co-workers, in J. Chem. Soe 

1} A. R. Karrirzxy, A. M. Monro, J. A. T. Bearp, D. P. DEARNALEY and N. J. Eart, J. Chem. Soc. 


(19058 


2!) For references see A. R. Karritrzky, Quart. Revs. (London) 18, 353 (1959). 
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The infra-red spectra of esters 


Table 1. Methyl esters 


Footnotes to Tables 1—7 

* Shoulder. { Peak formed by the superposition of two bands which will consequently appear twice 

§ Intensity of peak markedly raised by overlap (not included in statistical treatment) Absence of 
) Band masked by stronger absorption. (CHCI,) Band may be masked by 
é4 in italic numerals indicates that the molecule contains two equivalent groups responsible for the 


absorption. solvent. 
absorption. 

F furan, T thiophen, Py pyridine, PyO pyridine l-oxide; the preceding numeral denotes the position 
of the substituent. 

* The frequencies of shoulders and the intensities of shoulders and superimposed bands are not 
included in the ranges or the statistical treatment. e, values in italies (cf. above) are halved for the 
ranges and statistical treatment. Other bands not included in the ranges are discussed in the text. 

Arithmetical mean and standard deviation. 


R of RCOOMe Def. CH 
Me 


CH,:CH 

o-NO, C,H ,CH:CH 
2F-CH:CH 

CH, :CMe 


1465* 
( 

1462* 

1462* 


1460 


1012 
1040 
1020 


0-OH C,H, 1465* 3! “64 
Hy 960 827 

is40) 
o-C gH 


m-Me-C,H, 1460* 10) 3! 9: 820 


12 p-CgH, (di) 1460* 966 
13 2F 1462* 969 
14 2T 1463* : 955 
1S 1455 3! 36 5 908 
16 1457 7! 
1040-908 


Frequency range® 1460-1455 


Intensity range shoulder 15-80 


Means and 8.D.*' 


Except nos. 14 and 15; see text. 

The following were also included in the ranges and statistical treatment (R of RCO,Me given) 
Et, 2F-CH,CH,, MeCH:CH, m-MeO0-C,H,CH:CH, 2T-CH:CH, 0o-NH,-C,H,, o-Me-C,H,, 0-Br-C,H,, 
o-NO,C, Hy, m-C,H,(di), p-Me-C,H,, p-NO,-C,H,, OMe. 
given in [1] and [3]. No previous assignment has been made for the bands of 
propyl or butyl esters, and those presented here are based on work on hydro- 
carbons and other compounds containing these groups (see [4-6] and Refs. therein). 


[3a| B. Nour and R. N. Jones. Can. J. Chem. 34, 1382. 1392 (1956). 

(3b) J. K. Woemsuvurst, J. Mol. Spectrosc. 1, 201 (1957) 

[4] L. J. Bectuamy, The Infrared Spectra of Complea Molecules (2nd Ed.). Methuen, London 

[5) R. N. Jones and C,. SANDoRFy, Techniques of Organic Chemistry Vol. IX, Chemical Applications of 
Spectroscopy (Edited by A. WeIssBURGER). Interscience, London (1956). 

[6| N. Suerrarp and D. M. Simpson, Quart, Revs. (London) 7, 19 (1953). 


(1958) 
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l 2 3 4 
a C rock 
cin f ci é 
l Me 30 1443 115 25 ( ) 
2 n-Pr 1440 95 10 860* 10 
3 25 1445 (— ) S51 25 
2 j 10) 1441 125 25 S587 85 
5 7 30 1440 145 15 f ) 
AT 6 1443 110 30 S30* 20 : 
Whee >= 
6 ‘ 
10 
960 
10) 
- 
15 
a 1438 105 (—) 
) 812 10 
10 
4 
a 
864-812 
5-35 
q 1440 see text S37 1S 
- | nell 115 + 20 35 + 20 15 10 
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lable 2. Ethyl esters 


M 


l’r 
CHetH 
NOet gH, 
NOet 


On-CH 


70 
70 
120 


Cgligid 


NHotell, 


1046-L005 
1254 
see text 


Except no. 12 
Except nos. 8, 12-14 


The following were also included in the ranges and statistical treatment RCO,Et given): Et, 
2F-CH,CH,, MeCH:CH, m-MeO« ~H,CH:CH, 2F-CH:CH, CH, CMe, m-Me-C,H,, 
m-NO,C,H,, p-Me-C,H,, p-Me,* 2T, Ci. 


In assigning the bands in this paper, it was possible to account for them all without 
invoking rotational isomerism, but it is possible that some bands are instead due to 
similar vibrational modes of the molecules in different conformations. 


The 1500-1240 cm ' region 


Methylene scissor and methyl asymmetrical bending modes 


For paraffins these modes absorb at 1468 em~ (ca. 8)* and 1460 em l (ca. 15), 
respectively [5]. In our previous work on methyl esters other bands in this region 
obscured the weak asymmetrical bending mode, but for many of the compounds 
reported here the mode is found as a well-defined shoulder at 1460-1455 em ‘on 
the stronger symmetrical bending vibration, ef. the shoulder found at 1456 cm™ 
in the spectrum of methyl! acetate [3]. The formate, chloroformate and carbonate 
esters are atypical because the carboxyl group is not attached to a carbon atom; 
the band is strong for the chloroformate and the carbonate esters, possibly because 
back co-ordination of type I (Y—Cl, OMe) makes the environment of the alkoxy! 
group resemble that in an ether where a similar enhancement of intensity is 
shown [7 


* Parentheses enclose appare nt extinction coeffi ients and square brackets enclose arithmetical means 
and standard deviations which were calculated disregarding shoulders and, in the case of é4, superimposed 
bands. 


7) A. R. Karrerrzxy and N, A. Coats, J. Chem. Soc, 2062 (1959). 
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The ethyl esters show the CH, scissor and CH, asymmetrical bending modes 
(Table 2. cols. 1 and 2); the values are in good agreement with those previously 
reported {1}: [1465 3 (35 10)} and [1446 1 (30 5)|. For 
ethyl urethans, ArNHCO,Et, the bands occur at ca. 1482 em~ (ca. 60) and ca. 
1447 cm™ (ca. 50) [8]. 

Under the conditions of measurement employed, only one band appears for 
n-propyl esters in this region (Table 3, col. 1); presumably the two CH, scissor 
modes and the CH, asymmetric bending mode overlap. i-Propyl esters show two 
bands (Table 4, cols. 1 and 2); possibly the two asymmetrical CH, bending modes 
interact to give in- and out-of-phase motions. 

i-Butyl esters show one band (Table 6, col. 1), which is presumably a composite 
band. For most of the n-butyl and s-buty! esters the region is obscured by absorp- 
tion due to the acyl group; however, there are indications that a subsidiary band 
occurs near 1438 cm~ in addition to the main band near 1460 em~ (Tables 5 and 7, 


cols. l and 2). 


Methyl symmeti ical bending and methylene and methine wagging modes 


For paraffins, the methyl symmetrical bending mode causes absorption at 
1380-1378 em-!; the wagging mode is weak, but probably occurs at ca. 1300 
em~, The wagging motions of a lone hydrogen atom cause a doubly degenerate 
band at ca. 1345 em~ in the case of hydrocarbons [6]. The data for the methyl 
symmetrical mode for methyl esters (Table 1, col. 2) agree well with that reported 
previously [1], [1439 + 3 em? (110 15)], except that the e, values are unusually 
low for the formate and carbonate esters, which might be expected to be atypical, 
and unaccountably high for the thiophen ester (no. 14). 

The symmetrical methyl bending mode for ethyl esters (Table 2, col. 3) occurs 
at the position expected from earlier data, [1391-5 + 2 em™* (30 + 5)} [1], with the 


following exceptions: the band for the carbonate isanincompletely resolved doublet, 
one component of which occurs outside the usual frequency range, and the inten- 
sity is very high for the furan ester (no. 12) because of strong overlap with a ring 
band. The position of the methylene wagging frequency (Table 2, col. 4) agrees 
with that previously quoted [1370 + 2 em~']|1]; the intensity sometimes shows 
large variations, although for most ethyl esters it is (75-125) [(95 15)] and is in 
good agreement with the previous range, [(100 + 10)]. Some of the simpler acy! 
groups (acetate, acrylate, furoate, formate, chloroformate, nos. 1, 3, 12 and 13, 
respectively) cause the absorption associated with the ethyl group to be of much 
lower intensity, and, conversely, the o-hydroxybenzoate and thiophen-2-carboxy- 
late esters show stronger absorption. In the case of the o-hydroxybenzoate, this 


[8] A. R. Karerrrzxy and R. A. Jones, J. Chem. Soc, 676 (1960). 
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enhanced absorption may possibly be associated with hydrogen bonding (ef. I). 
This mode, which is very weak for ethers {7}, is found at {1372 + 5 em (70 + 30)] 
for urethans [8]. 

n-Propyl esters show three bands (Table 3, cols. 2-4), which probably corre- 


spond to the CH, symmetrical bending mode and the adjacent and non-adjacent 


methylene wagging modes; the second band, however, usually appears as a 
shoulder. Only one band occurs in this region for the formate; in the case of the 
acetate, the third band does not appear in the usual position, but perhaps it lies 
under the second band and accounts for the abnormally high intensity of the 
latter. 

i-Propyl esters generally show four bands in this region (Table 4, cols. 3-6), 
the first and third of which are absent or hidden for esters that have a saturated 
carbon atom adjacent to the carboxyl group (nos. 1, 2). The fourth band is also 
missing from the spectrum of the acetate. Two of the four i-propyl bands probably 
arise from the in- and out-of-phase symmetrical bending modes of the two methy! 
groups; these modes cause absorption at 1389-1381 em~! (ca. 40) and 1372-1368 
em~! (ca. 40) for hydrocarbons containing i-propyl groups |9]. The other two 
bands are probably wagging modes associated with the lone hydrogen atom. 

Only two bands are present for the n-buty! esters (Table 5, cols. 3 and 4), presum- 
ably because only one of the wagging modes is resolved under the conditions used. 
The absorption caused by the carbonate is atypical, and the second band is absent 
from the spectra of #-(3-pyridyl l-oxide)acrylate and formate. s-Butyl esters also 
show two bands (Table 7, cols. 3 and 4) (except that the second is absent in the case of 
the acetate) in this region. It might have been expected that, as compared with 
the absorption caused by n-butyl esters, the intensity of the CH, bending mode 
would have been enhanced and that of the CH, wagging mode weakened, but the 
opposite effect was observed. Probably the band of lower frequency also has a 
component corresponding to the lone CH wagging mode. 

For the i-butyl esters four bands occur (Table 6, cols. 2-5); the third band 
usually appears as a shoulder (except for no. 3 where it is absent). Two of the 
four bands are probably in- and out-of-phase CH, symmetrical bending modes, 
and the others may be the methylene and methine wagging vibrations as suggested 
in Table 6. It should be noted that the overall absorption pattern is similar to 
that of the i-propyl esters. The formate and chloroformate esters cause much 
weaker absorption than the other compounds. 


The 1200-800 cm region 

Absorption bands which occur in this region of the spectra for the alkyl groups 
may be caused by methyl and methylene rocking modes and by carbon—carbon 
and the alkyl-oxygen skeletal stretching modes; analogous bands for paraffins 
occur at 1190-820, ca. 800-700 and 1200-700 em~', respectively [6]. There is 
probably considerable mixing of the methyl! rocking and skeletal modes [6], and 
therefore no detailed assignment of them has been attempted in this paper. 

Methyl esters generally show two bands (Table 1, cols. 3 and 4) which are 


(9] H. L. McMurry and V. Tuornton, Analyt. Chem. 24, 318 (1952). 
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assigned to the single skeletal mode and to the in- and out-of-plane rocking 
modes. The position of the higher-frequency band is dependent on the environ- 
ment of the carboxyl group: when it is adjacent to a saturated carbon atom, the 
hand occurs at 1020-995 a carbon-carbon double bond at 1040-1012 
1021 a meta-substituted aromatic ring at 990-974 em~!; other 
aromatic rings. a chlorine or an oxygen atom at 969-954 [963 + 5] em”; and a 


hydrogen atom at 908 em~!. The intensity is very high for the carbonate ester. 
The frequency ranges observed for this band are in good agreement with those 
previously reported, although the band had been tentatively assigned to the 


(\—O stretching mode [1]. The position and intensity of the second band are 
variable, but they show no obvious relationship to the nature of the acyl group. 

Wi_MsuvurRst [3b] has attempted a complete assignment for methy! formate and 
acetate. He tentatively assigns bands at 913. (w) and 1046 (s) re- 
spectively to the rYO—CH, mode and at 1156 em ' (ys) and 1186 em~! (w) to the 
O—CH, out-of-plane rocking mode, Further work is needed here. 

Ethyl esters cause three absorption bands (‘Table 2, cols. 5-7); the C C stretch- 
ing mode near 1010 em~' and the methylene rocking mode near 770 em! |6] 
shown by paraffinic ethyl groups are the basis of the tentative assignments given in 
Table 2. The methyl rocking mode associated with several of the simple aliphatic 
esters (nos. 1, 2, 13, 14) appear to be split, but otherwise both the position and 
the intensity agree well with the values previously reported [1]. 

The skeletal mode is found at 1046-1025 [1035 6] em~! for compounds 
(nos. 1-6) which have a saturated carbon atom or a C=C double bond adjacent 
to the carboxyl group, at 1022-1010 [1017 1} em~! when a benzenoid or hetero- 
aromatic ring is adjacent (nos. 7-11), and at 1018-1005 em~ for the carbonate, 
chloroformate and formate esters. These ranges agree well with the previous 
findings !1}: however, the conclusion |1] that the position of the band is dependent 
on the electron-withdrawing ability of the ring does not appear to be of general 

‘ability. 

n-Propyl esters generally show six bands (Table 3, cols 5-10) in this region, but 
those near 1080 and 900 ecm-! are sometimes absent. Presumably five of these 
bands result from coupled motions of the two methyl! rocking and the three 
skeletal modes: the band with the lowest frequency is tentatively assigned to a 
methylene rocking mode, although its position is much higher than that found for 


analogous paraffins. 


IV 


i-Propyl esters give rise to seven bands (Table 4, cols. 7-13). The group III 
should give rise to three skeletal modes and four methyl rocking vibrations in this 
spectral region. i-Propy! groups in paraffins cause absorption near L170, 1150, 
960, 920 and 800 em [6]; these positions are in good agreement with the values 
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recorded in cols. 7, 8, 10, 11 and 13, respectively, of Table 4. According to 
SHEPPARD and Simpson [6], the band of lowest frequency is certainly a skeletal 
mode, but the assignment of the others is controversial, and it may well be that the 
methyl rocking and skeletal modes are so extensively coupled that it is meaningless 
to attempt a complete identification. 

n- Butyl esters show six bands (Table 5, cols. 5-10), all of which may be due to 
coupled motions of the two methyl rocking and four skeletal vibrations expected. 
It is possible, however, that the band of lowest frequency is a CH, rocking mode 


displaced from its normal position to a higher frequency by the adjacent oxygen 


atom. 

i- Butyl esters cause only four absorption bands of appreciable intensity (Table 6, 
cols. 6-9), although all the modes of the i-propyl group would be expected to be 
present plus one further skeletal mode resulting from the additional carbon atom. 
Presumably the increased distance between the methyl groups and the oxygen 
atom causes some of the modes to become very weak. The bands recorded in 
cols. 8 and 9 occur at positions which are in reasonable agreement with the corre- 
sponding bands for i-propyl esters (Table 4, cols. 10 and 11) and with those near 
960 and 920 cm~! for paraffins containing an i-propyl group. 

8-Butyl esters show eight bands (Table 7, cols. 5-12); in accord with the 
explanation offered in the preceding paragraph, there are a larger number of 
bands and the intensity of those near 1100 em~! is higher for s-butyl than for 
i-butyl esters. The group IV should give rise to four methyl rocking modes and 
four skeletal modes in this region, but these modes are probably strongly coupled. 


Experimental 

Compounds were commercial specimens or were prepared by standard methods; 
all samples were redistilled or recrystallized immediately before measurement and 
had melting or boiling points in agreement with literature values. 

Measurement of spectra was accomplished using Perkin-Elmer model 21 spec 
trometers at Oxford or at Cambridge under the conditions already described [10]. 
Comparison of spectra measured on these different machines has been justified [10]. 

Apparent extinction coefficients were calculated, as before, from e, 
(1/CL) logy9(1 9/1), where C is the concentration in moles per litre (0-2M) and / the cell 
length in em (0-01 em). 
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Acetates, propionates, n-butyrates, 8-arylpropionates, acrylates, methacrylates, 
crotonates, 8-arylacrylates, arylcarboxylates, formates, chloroformates 
and carbonates 


A. R. Karrirzxy, J. M. Lacowski and J. A. T. BEarp 


University Chemical Laboratory, Cambridge 


(Received 29 February 1960) 


Abstract —Bands characteristic of the acyloxy groups in 104 esters of the types mentioned in 
the title are recorded and discussed. The nature of the alkyl group has relatively little effect 
on either the position or the intensity of these bands. Assignments to specific molecular vibra- 


tional modes are suggested for most of the bands. 


THE preceding paper [1] deals with the bands characteristic of the alkyl groups of 
some esters; those bands associated with the acyloxy groups are recorded (Tables 
1-12) and discussed in this paper. The aims of the present work and the con- 
ditions of measurement have already been stated [1]. The band assignments 
given at the heads of the columns of Tables 1-12 are in part those suggested by 
previous workers who have studied acetates [2], aliphatic esters [3], unsaturated 


esters [4-7], carbonates [8, 9] chloroformates [9] and aromatic esters |10]. Ranges 


and arithmetical means and standard deviations are given below each of Tables 
1-12. The results of previous investigations are also summarized at the bottom 
of each table. Agreement with these data is generally good considering that 
different conditions of measurement were employed, e.g. the positions of the 
absorption bands previously reported for acrylates and methacrylates (Tables 5 
and 6) agree well, but our ¢, values for the stronger bands are higher, probably 
because more concentrated solutions (0-5 M carbon tetrachloride solutions in 
(-1-mm cells) were employed in the earlier work [7]. 


The 1800-1600 cm ' region 


Carhon yl atre ich ing hand 
Variations in the ester alkyl group have little effect on the position and intensity 
of the carbonyl band, except that in several series of compounds the methyl 


1} A. R. Karrirzxy, J. M. Lacowsk1 and J. A. T. BEarp, Spectrochim. Acta 16, 954 (1960). 
2a! B. and R. N. Jones, Can. J. Chem... 34, 1382. 1392 (1956) 

*b! J. K. J. Vol. Spectro (1057 

3) H. W. THompson and P. Torxrvetron, J. Chem. Soc. 640 (1945 

fa| J. L. H. Attan, E. R. H. Jones and M. ¢ Wartine, J. Chem. Soc. 1862 (1955). 

fb! J. L. H. G. O. Meakrys and M. C. Wuaitine, Jbid. 1874 (1955). 

>| W. L. Warton and R. B. Hucues, J. Am. Chem. Soc. 79, 3985 (1957) 

6| O. D. Sureve, M. R. Heeruer, H. B. Knicut and D. Swern, Anal. Chem. 22, 1261 (1950). 
7 W.H | Davison and G. R Bates, J. ¢ hem. Soc 2607 1953). 

B. M, Garenouse, 8, E. Livisestrone and R. 8. Nynoum, J. Chem. Soc. 3137 (1958). 

9) J. L. Haves, J. I. Jones and W. Kywaston, J. Chem. Soc. 618 (1957) 

10) A. R. Karrrrzxy, A. M. Monro, J. A. T. Bearp, D. P. DEARNALEY and N. J. Ear. J. Chem. Soc. 
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Table 4. Alkyl £-arylpropionates 


ROOOR 


2FCH.,( 0,Bu' were als 


PhCH .CH,CO,Bu', 2FCH,CH,CO,Pr® ar 
statistical treatment. 


ester absorbs at appreciably higher frequencies than the others (some ranges given 
in the tables do not include the methyl esters); Cortsu and Davison [11] showed 
that the C—O frequencies of methyl esters are higher than other esters for even- 
numbered dicarboxylic esters. All the compounds with a saturated carbon atom 
adjacent to the carbonyl group (‘Tables 1—4) absorb at 1730-1720 em (300—440)* 
[1725 — 2 em! (385 + 25)] except that the position is higher for methyl acetate. 
The ¢, values agree with those reported by Cross and Roure [12], who also used a 
sodium chloride prism, for saturated esters (316—368): the positions are somewhat 
lower than those reported for carbon tetrachloride or carbon disulphide solutions, 
as might be expected. 

The acrylates absorb at 1717 or f-methyl substitution of the 
double bond lowers the frequency to 1710-1708 em (crotonates and methacry- 
lates). In each of these series the methyl ester absorbs at a frequency ca. 8 em 
higher than the other members. The intensities are all (380-420) [(400 15). 
The positions are somewhat lower than those found for carbon tetrachloride 
solutions [4], as is to be expected. Our ¢, values agree with the value of 396 found 
by Cross and Ro.re [12] for propyl methacrylate, but are considerably higher 
than Davison and Bares’ figures [7] and lower than those of ALLAN, ef al. 
[4b]. 

The -phenyl-, #-(2-furyl)- and #-(2-thienyl)-acrylates absorb at 1706—-1700 
[1703 + 2] em; this is somewhat lower than the value 1711 em~ previously 
reported for ethy! cinnamate [10]. The #-(nitrophenyl)- and £-(3-pyridy])-acrylates 
and their l-oxides absorb at somewhat higher frequencies, 1717-1710 em-, in 
overall agreement with the positions previously found [10]. Intensities are (320-450) 
[(375 + 40)] for the whole group. 

The position of the vC=—O band for the aryl- and heteroaryl-carboxylates 
(Table 9) can be correlated with the nature of the ring. The alkyl! group has little 


* Parentheses enclose apparent extinction coefficients and square brackets enclose arithmetical means 
and standard deviations which were calculated disregarding shoulders and, in the case of & 4, superimposed 
bands. 

11) P. J. Corntsu and W. H. T. Davison, J. Chem. Soc. 927 (1958). 
12) L. H. Cross and A. C. Roire, Trans. Faraday Soc. 47, 354 (1951). 
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Alkyl arviearboxylates 


BEARD 


0o-HO-C, 


(CH¢ 


1192 270 


1192-1181 
195-280 


L186 


L162 

1158 130 
ca. 1160 
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Table 11. Alky! chloroformates 


1 Et 

2 Bu' 
Frequency range® (em 
Intensity range (¢4) 


for the following chloroformates wer included in the ranges ar statistical treatment 


Table 12. Dialky! carbonates 


Alkyl 


Me 1290 
Kt : 150 1267 1175 
70 
120 
Bu! 1738 : 307 245 1265 Lis] 


Frequency range® (em 1739-17: 1290-1265 


Bu® 1272 


Intensity range (¢ ,) 150-580 190-850 20-35 


1738 273 1] 1171 12 


Mean and 8.D.*,» 
500 60 


Except no. 1; see 


effect (except that methy! esters often absorb at higher frequencies); for example, 
the four benzoates presently studied absorb at 1719-1715 em~ (ef. ethyl benzoate 
which absorbs at 1716 em~! under the same conditions) | 10], and the five nicotinate 
1-oxides absorb at 1736-1730 em~ (cf. the ethyl ester at 1732 em~') [10]. The 
effects of substituents on the position of the yCO band of methyl] and ethyl benzoate 
(1724 and 1716 em~", respectively), which are summarized in Table 13, are similar to 
those reported by Fier [13] for substituted benzoic acids. The presence of 
electron-withdrawing groups in the ring makes the release (1) of electrons from the 
ring more difficult and thus raises the frequency (CO,R and especially NO, 


electron-donating groups produce the opposite effect (Me and especially NH, and 


OH); chlorine and bromine, which can be either electron-releasing or -withdrawing 
groups, show little overall influence. The particularly large effect produced by 
ortho-hydroxy- and -amino-groups is probably due to hydrogen bonding (II), 
which explains why the influence of the hydroxy! group is greater than that of the 


[13] M. Sr. C. Fierr, Trans. Faraday Soc. 44, 767 (1948). 
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amino-group. The effects of the 3-pyridyl and 3-pyridyl l-oxide groups have 
already been discussed [10]. The thienylcarboxylates absorb at low frequencies, 
1707-1704 em~!, as would be expected for a strongly electron-donating ring. In 
contrast, the frequency of the vC—O band for the furoates (IIT) is unexpectedly 


I] IV 


high, 1723-1717 em~!; possibly this is due to a direct field effect between the 
eyelic and the acyclic oxygen atoms (this effect would not be important in the 
furylacrylates which absorb as expected). The intensity is (270-390) [(350 + 25)] 
for all the aryl- and heteroaryl-carboxylates except the hydrogen-bonded ortho- 
compounds (II) (nos. 2,3) and some fury! and thienyl compounds. These e, 
values are comparable with earlier data for heteroaryl-carboxylates [ 10). 


Table 13. Increments for rCO 


COR 


41 


The frequency data for carbonates and chloroformates agree reasonably well 
with the values given in [9] and for the formates with the value of 1724-1722 ecm™! 
reported by THompson and TORKINGTON [3]. 


The C—( stretching band 


Our values for the positions and intensities of the two C=C stretching bands 
(due to rotational isomers) shown by acrylates (Table 5, cols. 2 and 3) agree well 
with the values, 1638 + 2 em~ (38-55) and 1622 + 2 em~! (30-50), given by 
Davison and Bares [7] for carbon tetrachloride solutions; our data also agree 
with their value of 1637 + 3 em~' (65-70) for methacrylates. Both the frequency 
and the intensity of this band are increased for the crotonates. 

Unsubstituted cinnamates and cinnamates substituted in the aryl ring (Table 
8, col. 2, nos. 1-4) show an absorption band at 1646-1638 em~! [1642 + 3]; the 
B-(3-pyridyljacrylates and the corresponding 1-oxides (both of which contain 
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electron-withdrawing rings) absorb at higher frequencies and the #-(2-thienyl)- 
acrylates (containing an electron-donating ring) at lower frequencies. This band 
occurs at 1643-1639 cm~! for the #-(2-furyl)acrylates, which is not as low as 
expected in view of the strong electron-donating character of the furan ring; cf. 
the x°—O band for the furoates discussed above. The intensities of the C—C 
stretching band for the f-aryl- and #-heteroaryl-acrylates clearly show the 
influence of increased conjugation of type (IV): 


Phenyl! 


m-met hoxy 


, and 
2-Furyl-, and 


2-thienyl- 


o-Nitrophenyl-, and p-Nitrophenyl-, 
3-(pyridyl 1l-oxide)- and 3-pyridyl- 


140-150 210-230 360-470 


{ 
Mean and 8.D. 80 5 145 5 220 10 390 50 


7 These results confirm and extend the conclusions previously reached from a study 
of pyridyl-acrylates and their l-oxides | 10}. 

The 1500-1300 cm ' region 
The methyl asymmetrical bending mode occurs at ca. 1465 cm 1 (ca. 70) for 
propionates (Table 2, col. 2); for butyrates (Table 3, col. 2) the mode probably 
VOL. overlaps the CH, scissor vibration (see below). This mode absorbs at [1456 + 2 
16 (80 + 15)] and at [1448 + 2 (95 + 5)] for amethacrylates (Table 6, col. 3) and 
1960 crotonates (Table 7, col. 3), respeetively.. Most acetates show a shoulder near 
4 1480 em! (Table 1, col. 2), but it should be noted that Noirs and Jones |2]} have 
x assigned the methyl asymmetrical bending mode to a weak band near 1430 em. 
a The methylene scissor vibration absorbs at a frequency lower than its usual 
y position near 1468 em~! when the CH, group is adjacent to a carbonyl linkage: 
mn it is found at [1426 1 em~! (ca. 30)] for propionates (Table 2, col. 3), at ca. 


1422 em~! (ca. 25) for butyrates (Table 3, col. 3) and at ca. 1421 em 1 (ca. 30) for 
p-arylpropionates. The scissor vibration of the methylene group which is # to the 
carbonyl group in butyrates, together with the asymmetrical methyl bending 
mode, probably contribute to the intensity of the band at [1464 + 2 em™ (65 
10)] (Table 3, col. 2). Francts [14] reported a band at 1425 cm for propionates, 
and, in steroids, CH, groups « to a carbonyl group cause absorption at ca. 1434 
{ 15), 


The methylene scissor vibraticn of the CCH, group in acrylates (Table 5, 


col. 4) and methacrylates (Table 6, col. 4) absorbs near 1410 cm, the latter as a 
much weaker band than the former. Our data are in reasonable agreement with 
that of Davison and Bares [7] except, as noted above, for the ¢, values of the 
stronger bands. 

The methyl symmetrical bending mode occurs near 1380 em~! for hydrocarbons; 
the band is strong (ca. 150) for acetates (Table 1, col. 3), much weaker (ca. 40) for 


fi4] S. A. Francis, J. Chem. Phys. 19, 942 (1951). 
j15| R. N. Jones and A. R. H. Coie, J. Am. Chem, Soc, 74, 5648 (1952). 
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methacrylates (Table 6, col. 5) and crotonates (Table 7, col. 4), and is found as a 
shoulder for butyrates (Table 3, col. 4). Methyl propionate shows a pronounced 


shoulder at 1382 cm (2 


5), but the region is obscured for the other propionates. 
This band was previously reported at 1373-1369 cm 1 (170-200) for methyl and 
ethyl acetate | 2}. 

Methylene wagging and twisting modes. For paraffins these modes absorb near 
1300 em=![ 16], but they sometimes occur at higher frequencies when the methylene 
group is near an electronegative atom [2, 10]. To modes of these types are tenta 
tively assigned two bands which occur near 1345 and 1325 em~! for propionates 
(Table 2. cols. 3 and 4), three bands near 1373, 1345 and 1310 em ' for butyrates 
(Table 3, cols. 5-7) (possibly two wagging modes since there are two CH, groups), 
and one band near 1360 cm~ for f-arylpropionates (Table 4, col. 3). 


The 1300-800 cm ' region 
Assignment of the bands in this region is much more difficult: modes are often 
coupled, and attempts to associate absorption bands with specific bond-stretching 
or bending vibrations are less meaningful. Nevertheless, a tentative treatment of 
this type has been attempted. 


Ske letal modes of the (-O-O group 


In addition to the essentially localised rC—O band, the CO-O— group 
possesses three bonds. the stretching modes of which would be expected to cause 
absorption in this region (\). 


0 


VI 


It may he noted that bond 2 (cf. V) has some double-bond character due to meso 
merism (VI). but this is not true for bond 3 (cf. V). The position with respect 
to bonds 2 and 3 is similar to that for alkyl-aryl ethers, the C—O stretching modes 
of which absorb as indicated in structure VIII. Bond 1 (ef. V) has some double- 
bond character in conjugated esters (VII), but not otherwise. The actual situation 


co 1260 cm 


is complicated by the coupling of all three of the foregoing modes (the a —( 


deformations probably occur at too low a frequency to couple effectively with 
these stretching modes); three new composite modes, e.g. (IX) and (X), have 


16) N. SHerrarp and D. M. Simpson, Quart. Revs. (London) 7, 19 (1953 
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been suggested [2] (cf. also the discussion in [17]). The mode corresponding to 
bond 3 (ef. V) is probably strongly coupled with the skeletal modes of the alkyl 
group {1}. A further complication arises from the fact that rotational isomerism 
about single bonds sometimes leads to splitting of the bands [18]. 

Bands tentatively assigned to modes of these types are summarized in Table 
14. In general, the nature of the alkyl group has very little effect on these vibra- 
tions with the result that the ranges and standard deviations are relatively small; 


Table 14. Skeletal vibrations (other than ary learboxylates) 


Compound 


however, the mode near 1190 em~! for methyl esters is often exceptional and is 
frequently excluded from the ranges given. For the alkyl carbonates the bands 
are also dependent on the alkyl group (Table 12, cols. 2 and 3); only one band is 
found for the methyl ester, but this band is split to varying degrees for the others. 
The absorption in the 1250-1320 em~! region for the formates and chloroformates 
varies widely with the alkyl group; these bands are probably characteristic of the 
alkyl group but are so weak that they are hidden in other types of esters by the 
stronger acyl absorption. However, the band at 1289 em! (120) for methyl 
chloroformate is not easily understood. Esters in which the acyl groups are 
similar generally show similar absorption. Thus, acrylates, methacrylates, 
crotonates and /-arylacrylates* resemble each other; propionates and butyrates 
show definite similarities, although the acetates are somewhat different, perhaps 
because they are the first members of the series. Formates, chloroformates and 
carbonates are all individualistic, which is in accord with their unique structures. 

Table 15 summarizes the absorption caused by the skeletal vibrations of 
benzoates and substituted benzoates. Again, the nature of the alkyl group has 
little influence on the spectra, except that the third band is often rather different 
for methyl esters. The data presented in Table 15 show that the orientation of the 
substituent is more important than its nature; however, for ortho-substituted 
benzoates the intensity of the second band can be correlated with the electron- 
donating ability of the substituent: 


Substituent NO, < halogen < Me, OH, NH, 


ot band near 1258 140 240-280 SSO-450 


* The correlation of the bands within the series of p-ary lacrviates is not alway s clear; that used in 
this paper differs somewhat from that given in [10}. 
17) R. N. Jones and C, Sannorry, Techn ues of Organic Chemistry Vol. IX, Chemical i pplications of 
Spectroscopy p. 503 (Edited by A WetsspurcER). Interscience, London (1956 
R. N. Jones, P. Humpnuries, F. and K. Dopriner, J. Am. Chem. Soc. 78, 3215 (1951). 
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The infra-red spectra of esters—TI 


The information available (this work and [10]) on these vibrations in heteroaro- 
matic compounds is summarized in Table 16. 


As indicated in the table. in some 
cases the absorption is similar to that of correspondingly oriented benzoates, but 


Table 16. Skeletal vibrations of heteroaryl carboxylates* 
® Data taken from Table 9 of this paper and [10 
compounds, standard deviations are given 
» For abbreviations see footnotes to Table 1. 


© In this column the absorption bands for methyl and ethyl esters are fr quent! 
are indicated by and “‘Et’’. 


4 Denotes ortho-, meta- or para substituted benzoates; 


Arithmetic means and, for groups 


2nd band 
Ring i 
2Py 
2Py0 


283 3 (415 
(4 
I ( meta) 


oulder overlapped) 


(400) 
1, ° 45 


para) 
shoulder 


iPyBX, 


in others it is quite different. No rational explanation of these variations can be 
made at present, and the accurate prediction of the absorption bands which will 
arise from CO-O— groups attached to other rings is not possible. 


The 1100-1000 region 


The following bands are found 
Acetates 1038 11 (105 15) 
Propionates 1084 2 (ca. 70) 
Butyrates ca. 1096 (ca. 60) and 1048 
Acrylates L067 (115) 
Crotonates 1104 2 (90 20) 
Methacrylates ca. 1012 (ca. 30) and ca. L000 (ca. 15 
The band which occurs at 1067 em~! for the acrylates is probably the in-plane CH 
deformation mode which absorbs at ca. 1160 cm~! for simple monoalky! ethylenes 
and at 1090 cm~! for vinylacetylene [19]. The remaining bands have been tenta 
tively assigned to methyl rocking modes, although such modes will of course be 
strongly coupled with the skeletal vibrations (see discussion in [16)). 


19) N. SHerrarp and D. M. Simpson, Quart. Revs. (London) 6, 1 (1952) 
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A. R. Katrirzxy, J. M. Lacowsk1 and J. A. T. Bearp 


Olefinic CH out-of-plane bending modes 


The motions in which all the olefinic hydrogen atoms move in-phase occur at 
990-940 em; for the acrylates a second CH out-of-plane mode is found near 
970 em~!, considerably displaced from the position of ca. 910 em~' at which it 
occurs for simple monoalky! ethylenes [19]. The f-arylacrylates cause absorption 
at 982-976 [979 + 2] em~'!, with the exception of the o-nitrophenyl-, furyl- and 


thienyl- compounds which absorb at 973-068 [971 2} cm~'. The positions and 


intensities of these bands are relatively constant. The values reported in this 
paper agree well with those previously found for trans-disubstituted olefinic 


hydrocarbons, ca. 967 em~! (132-153) [20], and for trans-disubstituted olefinic 
acids, esters and alcohols, ca. 950 em~! (130-160) [6]. 


Other bands in the 1000-800 em! region 


The following bands are found: 
Acetates 960 1I8(25 + 10) 840 
Butyrates 899 + 26 (ea. 15) 838 
Acrylates 809 (45) 
Methacrylates 815 + 1(30 + 5) 
Crotonates 910 + 6(15 + 10) 836 
p-Arylacrylates 857 4 (40 + 15) 
Chloroformates 837 20 (130 + 85) 
Some of these bands are undoubtedly due to skeletal modes (cf. tentative assign- 
ments in the tables). 

Wi_msuvrst [2b] has previously suggested somewhat different assignments for 
methyl formate and acetate in this region; for methyl acetate he placed the 
yvC—CH, at 843 cm~! (s), the C—CH, in-plane rock at 980 cm~' (m) and the 
C—CH, out-of-plane rock at 1157 em~! (w). 


5 (20 + 15) 
9 (ca. 10) 


1 (30 + 5) 


Unassigned bands 

For the 104 esters studied, the bands with ¢ , 10 which could not be correlated 
with either the alkyl or the acyloxy group were less than | per cent of the total. 
The bands which could not be accounted for were: 


Compound 1 


Compound em 
CH,CH,CO,Et 1300* 2F-CO,Bu' 993 
p-NO,C,H,CH :CHCO,Et 827 (60) H-CO,Bu® SSS 
CH,:CMeCO,Et 87] (15) 1018 

| O83* (25) CO(OBu®*), 989 


CO(OEt), | 


3PvCO,Bu* 
CH,CO,Bu* 1180 
PhCH,CH,CO,Bu 
3PvO-CO,Bu' 1130* 
CH,:CMeCO,Bu' 1440 


Et-CO,Pr' 
2F-CO,Pr' 
3PyO-CO,Pr' 
MeCH :CHCO,Me 


soo 
1005 
1425 
807 
935 
873 


Experimental: See Part I for details [1]. 


R. R. Anal. Chem. 21, 923 (1949). 
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RESEARCH NOTES 


Dewar vessel for the infra-red spectroscopy of solids 
at low temperatures 


( Received 16 May 1960) 


A variety of vessels suitable for spectroscopy at low temperatures has been described [1-3]. 
These vessels often require great skill in construction, are not easily portable and often 
require modification of the spectrometer because of lack of space to accommodate the 
dewar vessel in the instrument. 

In the course of work on the stabilization of free radicals in infra-red transparent 
matrices [4] an optical dewar vessel has been constructed which is suitable for the spectro- 
scopy of alkali halide pressed disks and other solids at low temperatures and which is not 
subject to the disadvantages mentioned previously. 

The dewar vessel is illustrated in Fig. 1. It consists of an outer metal box which 
supports a glass dewar system. The metal box is fabricated from 18-gauge sheet steel 
and has a lid supported on a sponge-rubber diaphragm which is held firmly in place by two 
toggle fasteners. The box has two brass taps (Bassett-Lowke, “Union Cocks’’) and two 
quartz windows held in place by cork washers and threaded retaining rings. The box lid 
supports a perforated brass tube containing silica gel. 

The glass dewar system consists of two parts. The outer jacket is based on a standard 
B34 glass socket having two side tubes we which are cemented two rock-salt windows. 
The windows are 25 mm in diameter and 2-5 mm thick and are fixed to the glass jacket 
by Apiezon W 40 wax. The inside of this component is chemically silvered prior to fixing 
the rock-salt windows in place. The outer jacket is supported on a shaped base in the 
metal box and is sealed to the box lid with Picein wax. 

The inner component of the dewar is supported from a B 34 cone having a side arm 
carrying a 4-mm right-angled vacuum tap and a B14 cone. The dewar is evacuated 
to 10-5 mm Hg or better through this side arm and can then be isolated and removed 
from the vacuum line. The B 34 joint is sealed with vacuum wax to prevent seizure under 
the combined action of the vacuum and the relatively heavy centre component. The central 
tube of the dewar is made from a B.T.H. Research Laboratories copper/glass seal of 
the “Housekeeper” type. The hollow copper chamber is joined to the central tube by 
soldering with a copper/silver eutectic solder. The specimen, in this case a potassium 
chloride pressed disk, is supported in a stepped copper tube running right through the 
hollow chamber and is held in place by a threaded retaining ring. The hollow chamber is 
made from three pieces of machined copper; namely, the cylindrical body of the chamber, 
the specimen supporting tube and the base plate. The chamber is assembled by fitting the 
specimen tube into two holes pieced in the main body and by resting the base plate on a 


[1] 4 Rosinson, J. J. Fox and A. E. Martin, Phil. Trans. Roy. Soc. London A 232, 463 (1933). 
{2} H. O. McManon, R. M. Haryer and = W. Kine, J. Opt. Soc. Am. 39, 786 (1949). 

[3] R. B, Hotpgen, W. J. Taytor and H., L. Jounstron, J. Opt. Soc. Am. 40, 757 (1950). 

{4) H T. J. Curtron and G. Porter, Spectrochim. Acta 16, 390 (1960). 
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Fig. 1. Optical dewar vessel, 


ridge machined in the end of the main chamber. The assembly is carried out using the 
eutectic solder 

Vhen assembled, the whole dewar assembly is about 30 cm high, 10 em long and 5-7 em 
broad, the outer metal box being IS8-2 LO-o 5-7 em. The metal box serves the dual 


purposes of a stand to hold the dewar in place and of a dry box to protect the rock-salt 


windows from fogging during the time that the dewar contains refrigerant. The complete 
dewar will fit on the stage of the Grubb—Parsons double-beam unit DBI and has been used 
in this way in conjunction with the Grubb—Parsons S3A spectrometer. The dewar assembly 
is located on the spectrometer stage by a base plate having pins to engage the dimples 
in the base of the dewar box and those on the spectrometer stage. No modification of the 
spectrometer is required, other than a hole in the Perspex cover of the double-beam unit 
to allow the dewar to be lowered into position. This hole is closed by a Perspex sheet 
vhen the spectrometer 1s use d for other work 

When the dewar is used for the photolysis or ultra-violet spectroscopy of solids at low 
temperatures, the quartz windows in the metal box are left in position. For infra-red 
spectroscopy the retaining rings can be quickly unscrewed and the quartz windows removed. 
After the spectrum has been recorded the windows are replaced and the box is purged 
with dry nitrogen via the brass taps 

The complete dewar is light and easily portable and this allows the spectrometer to be 
fully used for other purposes when the dewar is not in position. 
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ssearch notes 


The temperature of pressed disks of about 0-6 mm thickness has been measured by 
means of a calibrated copper/constantan thermocouple cemented to the centre of one face 
of a disk by means of Rawlplug “‘Durofix’’ cement. Tests were carried out on two identical 
dewars using both liquid nitrogen and equilibrated solid carbon dioxide/acetone mixture 
as refrigerant. The disks reached equilibrium temperature in about 10-15 min. For liquid 
nitrogen, the disk-centre temperature was —170 +- 2°C; for solid carbon dioxide/acetone 
the disk-centre temperature was —68 +- 1°C. One filling of the dewar used 50 ml of liquid 
nitrogen and this quantity lasted about half an hour. 

The dewar was designed to take standard 13-mm pressed disks. The aperture of the 
disks is reduced to 8 mm by the screwed copper retaining ring and the shoulder of the 
specimen tube. A mask was placed in the reference beam to compensate for this reduction. 
Acknowledgements—The author wishes to thank Professor G. Porter, F.R.S., for helpful 


discussions, Mr. L. Farne for technical assistance and the University of Sheffield for an Imperial 
Chemical Industries Fellowship. 
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Comparaison des spectres infrarouges des quatre halogénures 
d’hydrogeéne en solution* 


( Received 7 June 1960) 


Abstract—The influence of solvents on the vibrational absorption bands of hydrogen halides 
has been examined. 


L’onset de ce mémoire est une analyse systématique de l’influence des solvants sur les 
vibrations des quatre halogénures d’hydrogeéne HX en vue de compléter la comparaison 
de leurs comportements. [1, 2] 

Nous examinerons successivement |’effet du tétrachlorure de carbone, celui de quelques 
solvants aromatiques et de quelques solvants oxygénés. Le tableau ci-dessous contient 
les fréquences des quatre hydracides mesurées a l'état gazeux y,, ainsi que les abaissements 
relatifs de fréquence dans les différents solvants 


Av 


au 


Vy uaz 


Tableau 


Abaissement relatif de fréquence 


Veaz (om 
m-CyHy(CHy) 


1-2-4C 1-83-50 | (CH,),C=O |(C,H,),0 


3961 


HCl 


° Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna 

1959; manuscript received January 1960. 

[1] M.-L. Josren et G. Sourisseau, Symposium on Hydrogen Bonding, Ljubljana, 1957, p. 129 Pergamon 
Press, London (1959). 

(2) J. LascomsBe et M.-L. Josien, J. chim. Phys. 54, 761 (1957). 
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I. Solutions dans le tetrachlorure de carbone 
L’abaissement relatif de fréquence produit par la dissolution dans le tétrachlorure de 
carbone augmente quand on passe de l'acide iodhydrique a l’acide fluorhydrique. Ainsi 
qu'on l’a déja signalé [2], cet abaissement de fréquence parait nettement relié a |'électro- 


négativité de l'atome d’halogéne (La Fig. 1). 


Electronégativité de Pauling 


Fig. 1. Electronégativités de Pauling et abaissements relatifs de fréquence dans CCl. 


II. Solvants aromatiques 
On a montré que les hydracides halogénés forment avec les composés aromatiques 
des complexes moléculaires [3]. A titre d’exemple, sur la Fig. 2 est reproduit le spectre 


du fluorure d’hydrogéne en solution diluée dans le tétrachlorure de carbone pur, dans un 


Fig. 2. HF en solution dans: (a) CCl,; (b) 10° mésitvléne + 90° CCl,: 
J A 4 
(c) meésityléne pur. 


3) M.-L. Josten~ et G. Souwrisseav, Bull. soc. chim. France 178 (1955); M.-L. Jostex, G. Sourtsseat 
et ( CasTINneL, Bull. Soc. Chim. France 1539 (1955); M.-L. Josiex, P. Granoe et J. LASCOMBE. 
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mélange de tétrachlorure de carbone et de mésityléne, enfin dans le mésityléne pur; le 
phénoméne d’association HF-mésityléne y est nettement mis en évidence. 

La Fig. 3 permet de comparer les abaissements de fréquence des quatre molécules HX 
avec ceux qui ont été observés pour le vibrateur NH du pyrrole. Nous avons choisi 
arbitrairement ce composé lui aussi “‘donneur de proton’’, [4] comme composé de référence. 


pyrrole 


‘ ) x 


a 


(-2*) x10 


"4 


5 


Fig. 3. Abaissements de fréquence des halogénures d’hydrogéne dissous en fonction des 
abaissements correspondants de la fréquence yyy du pyrrole. 


On remarque que, pour un méme vibrateur, les points figuratifs des différents solvants 
aromatiques sont alignés dans l’ordre de leur basicité: benzene, toluene, m-xyléne, pseu- 
documéne, mésityléne, hexaméthylbenzéne. 


5) Par ailleurs, on trouve successivement 
la droite correspondant 4 | acide iodhydrique, hydracide qui donne toujours les abaissements 
de fréquence les plus faibles, les droites des acides bromhydrique et chlorhydrique, enfin 
celle de l’'acide fluorhydrique. Pour chaque molécule aromatique comme pour le tétra- 
chlorure de carbone, l'abaissement de fréquence est ainsi toujours d’autant plus grand 
que la molécule HX est plus polaire. Cependant la pente de chaque droite est différente. 
Pour liodure d’hydrogéne, l'abaissement relatif de fréquence double du benzéne a 
lhexaméthylbenzéne, tandis que pour le fluorure d’hydrogéne l’augmentation est de 
40 pour cent seulement. Le cas des chlorure et bromure d’hydrogéne est intermédiaire. 
Peut étre y-a-t-il lieu de rapprocher ce phénoméne de l’aptitude croissante A l’ionisation 
des quatre molécules, HF, HCl, HBr, HI. 

Nous soulignerons en outre que, dans le cas des acides iodhydrique et fluorhydrique, 
les points correspondants au tétrachlorure de carbone ne s’alignent pas avec ceux des 
solvants aromatiques. [6] 


III. Solvants oxygénés 


Enfin, nous avons fait l'étude du fluorure d’hydrogéne dilué dans des mélanges de 
tétrachlorure de carbone et d’acétone ou d’éther, la concentration du composé oxygéné 
étant de | 4 2 pour cent. Les bandes trés larges des molécules HF associées avec l'acétone 


[4] M.-L, Josren et N. Fuson, J. Chem. Phys. 22, 1169 (1954). 
|5| H. C. Brown et J. D. Brapy, J. Am. Chem. Soc. 71, 3573 (1949); 74, 3570 (1952). 
L. J. Bettamy, H. E. et R. L. Trans. Faraday Soc. §4, 1120 (1950). 
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ou léther apparaissent respectivement vers 3200 et 3210 cm°™'. Ces résultats sont en 
accord avec les spectres des solutions a 40 pour cent d'acide fluorhydrique étudiées par 


Apams et Karz [7 
Malheureusement, il ne nous a pas été possible de retrouver la bande de l'acide chlor- 


hydrique dans |¢ ther [8] ou l'acétone purs [6], nid observer celles des acides bromhydrique 


et iodhydrique dans les mémes solvants. Nous nous proposons de reprendre ultérieurement 
l'examen de ces solutions 

P. GRANGE 
Centre de Physico-Chimie Structurali J. LASCOMBE 
Faculté des Sciences de Bordeaux M.-L. Josten 
France 


M. Apams et J. J. Katz, J. Mol. Spectrosc 1, 306 (1957). 


-L. Josien~ et G. SOURISSEAU, jull. Soc. Chim. France 178 (1955 
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A burner for atomic absorption spectrophotometry 


O. E. CLrixton 
Rukuhia Soil Research Station, Department of 
Agriculture, Hamilton, New Zealand 


(Received 18 June 1960) 


Abstract—A burner which has been designed and constructed for atomic absorption studies 
is described in detail. 


Introduction 
Tue burner described below has been designed and constructed for use with 
atomic absorption methods of flame spectrophotometry. Some characteristics of 
this burner make it particularly suitable in the practical application of the atomic 
absorption technique. 
Description of burner 


A photograph of the assembled burner is shown in Fig. 1. The main body of the 
burner (A) is made up from two identical aluminium alloy castings bolted together. 
A 12-em length is milled out of the inside top of each casting to a depth of 0-35 mm, 
so that when they are placed together a 12 cm 0-7 mm rectangle is formed. The 
depth of this slot is about 1 cm and is sufficient to ensure laminar flow at the 
burner tip, at the gas flow used. Fig. 2 shows a drawing of a machined casting. 


fy 


/ 


O 


Fig. 2. Diagram of a burner casting. 


For the circulation of cooling water, a 3-in. hole is drilled along each casting, 
1 in. below the top and to within a short distance from the end. A }-in. hole leads 
from the contact face into the base of each 3-in. hole so that when the castings are 
placed together, the cooling circuit is complete. Two short lengths of tubing which 
are threaded into the 3-in. holes are rifled for the attachment of rubber tubing (B). 

The mixture of air, gas and spray from the spray chamber enters the body of 
the burner through a §-in. tube (C) which is fixed to the base by means of a flange 
(D). This unit is then mounted on a bar (E) through a plain bearing and this bar 
is bolted to a Barfit stand (F). The unit can thus be adjusted for height, correctly 
aligned in relation to the optical path and rotated horizontally about its centre. 
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The extent of rotation is indicated by an index pointer (G) and a scale engraved on 
the upper surface of the flange. The desired setting is secured by a knurl-headed 
screw (H). A small solenoid-operated shutter (I) is mounted on the bar immediately 
behind the burner. 

The extensive use of aluminium throughout the construction has minimized 
any chance contamination from burner parts during the analysis of solutions for 
other elements such as Zn, Cu and Fe. As a precaution against excessive corrosion 
of the aluminium, particularly at the burner tip, the body of the burner is anodized. 
Very little corrosion is evident after 2 years operation of this burner, during which 
time a variety of solvents including 10°, HCIO, and N-HC! have been used. 


Size of burner 


Among factors contributing to the maximum sensitivity obtainable in atomic 
absorption analysis is the number of atoms in the light path. Thus for a given 
concentration of atoms per unit volume of flame gas, the sensitivity is proportional 
to the length of flame [1], and it is therefore desirable that the burner should 
produce a flame as long as posssible. However, the length of the burner opening is 
limited. because the total area of the opening is restricted for the safe operation 
with an acetylene/air mixture and also because the width of the opening cannot be 
unduly narrow. Too narrow a slot will result in some blockage from the build-up 
of salt deposit. 

\ total gas flow rate of about 9 1/min, of which 8 l/min is air from the Lunde- 
gardh-type atomizer used, has determined the limits of the burner tip area. 
Beyond these limits, the acetylene/air flame will either blow off or flash back. The 
area of the opening at the burner tip is therefore restricted for safe operation with 
acetylene. 

In operation with the above flow rate, the burner described here produces a 
rectangular flame 12 em in length and about 4 cm in height which is reasonably 
flat and very steady. 


Fuel gas 


Both coal-gas/air and acetylene/air flames have been used with this burner. 
For many elements, a low-temperature flame such as that produced from a coal- 
vas/air mixture gives slightly greater absorption, since the Doppler w idth of the 
absorption line is reduced, and also because the lower expansion of the flame gas 
results in a greater concentration of atoms. However, for the determination of 
some elements such as Fe and Mg, less dissociation into atoms is obtained in the 
cooler flame, and for this reason, the acetylene/air flame is preferred. 

A comparison of absorptions obtained for Zn with each gas mixture in this burner 
is shown in Fig. 3. A similar degree of increased absorption for the coal-gas/air 
mixture was obtained for Mn, Cu, Ni and Co. All measurements were made using 
the apparatus described by ALLAN [1]. For the determination of Ca and Mg in blood 
serum by atomic absorption, WILLIs [2] also prefers an acetylene/air flame. 


Analyst 83, 466 (1958). 
2) J. B. Wiits, Spectrochim, Acta 16, 259, 273 (1960). 
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A burner for atomic absorption spectrophotometry 


Rotation of burner 
Although a major consideration in burner design was that of attaining the 
highest sensitivity, it was considered most desirable to be able to reduce this when 
required, and so extend the analytical range, especially for elements such as Mg 


and Zn where only one absorption line is available. 
When the body of the burner is rotated by hand, any length of absorbing 
medium in the light path can be obtained from 12 cm down to | em, thus providing 


08 


Optical density 


3 4 
p.p.m. Zn 


Fig. 3. Absorption by Zn in (a) acetylene/air flame and (b) coal-gas/air flame. 
Hilger H. C, lamp Q211 Cu/Zn, current 50 mA, 


up to a twelve-fold reduction in sensitivity. The effect of rotation of the burner on 
the sensitivity is shown in Fig. 4. These results were obtained by measuring the 
absorption of a series of Cu solutions at 10° intervals. 

It was interesting to find that absorption measurements for Fe decreased 
eighteen-fold with the burner at right angles to the light beam. This was probably 
due to reduced dissociation towards the outer cooler region of the flame. 


Cooling 


It was found that during the continuous operation of the uncooled burner the 


absorption decreased slightly. This was shown to be due to the heating of the 


burner, since upon cooling, the measurements returned to original values. This was 
studied experimentally for Cu and Mn but has been observed for other elements as 
well and probably occurs generally. This effect could be due to a change in the 
volume of the flame gases resulting from pre-heating in the burner. 

LockyER and Hames [3] reported decreasing absorption for Au with an 


[3] R. Lockyer and G. E. Hames, Analyst 84, 385 (1959). 
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uncooled burner and in this case suggested that it could beydue to the formation of 
metallic particles from unstable Au salts. 

It has been considered necessary therefore to ensure that the temperature of 
the burner remains steady, particularly during prolonged periods of operation. It 
may be noted that excessive water flow for cooling of this burner can encourage the 
formation of troublesome incandescent carbon particles on top of the burner. 

100 


Sensitivity, 


6 


Rotation, 


Fig. 4. Effect of rotation of burner on sensitivity. 


Shutter 


The provision of a small solenoid-operation shutter between the hollow-cathode 


source and the flame is desirable when it is necessary to back off any current due 
to flame emission and photomultiplier dark current [1]. It was found most 
convenient to mount this shutter on the burner support. 


Conclusion 
The burner described above has been used extensively for the past two years in 
the development of atomic absorption methods for Mg, Mn, Cu, Fe, Zn, Ni and Co, 
and has proved to be satisfactory for the routine quantitative analysis of many 
samples of agricultural interest for these elements. 


Acknowledaement—The direction and encouragement of Mr. J. E. ALLan in this work is 
gratefully acknowledged. 
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Internal standardization with additive internal-standard curves 
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Abstract——In d.c. carbon are spectrographic determinations of the concentrations of many 
trace or minor elements in one excitation the use of two internal standards is suggested—an 
involatile element and one which is easily volatilized. Elements with intermediate volatility 
may be standardized using an empirical internal-standard curve obtained by adding together 
the two internal-standard line intensities. 


In d.c, carbon are quantitative spectrochemical analytical procedures used to 
measure the concentrations of certain elements in rocks and minerals, other 
elements whose concentrations are accurately known and which are not present 
in the sample in detectable amounts, are added to serve as internal standards 
({1] pp. 78-90). The ratio of the spectral line intensities of the element sought, A, 
and the internal standard, 8, is then a constant for a given concentration of A, and 
a given set of analytical conditions. 

If the sample is not burned to completion or if some of the specimen is ejected 
without being excited in the are, the ratio of A to S will not be constant at a given 
concentration of A unless the volatilization curves of the two elements are nearly 
the same or identical. Because of selective volatilization, a secular change in 
composition takes place so that, as time progresses, the sample becomes relatively 
enriched in the less volatile constituents. 

Ejection of material during the latter part of the burning, by spitting or the 
release of certain gases such as carbon dioxide from carbonates, will cause a lower 
concentration of the involatile elements to be recorded on the photographic plate 
than is actually present in the sample. 

The disadvantages of such selective volatilization are removed by selecting an 
internal standard with a volatilization curve which closely approximates that of 
the element to be analysed ({1] p. 69). In methods which permit the determination 
of a large number of elements in one excitation, these elements may range from 
lead, which is very volatile, to zirconium at the other extreme. In between are 
many elements with intermediate volatility. 

It is impractical to include many internal-standard elements in the sample. 
Such elements may be already contained in the specimen to be analysed and each 
internal standard added requires additional optical density readings of the photo- 
graphic plate. Furthermore, line coincidences may become troublesome. It is 
possible, however, to employ two internal standards, one volatile, such as indium, 
and the other relatively involatile, such as palladium. Elements with intermediate 


[1] L. H. Anrens, Spectrochemical Analysis, Addison-Wesley, Cambridge (1950). 
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r, 1. Theoretical illustration of the principle of additive internal standards. 
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Ge/(in + Pd) 
2 


indium 


Tiamat 
Fig 2 Experimentally derived volatilization curves for Ga 2043 \, In 3256 A and 
Pd 3441 A. covering the first 40 sec of the sample excitation. 


volatility may then be internally standardized by using the sum of the two internal- 


standard line intensities. 

The principle is shown ideally in the volatilization curves of Fig. 1. Element A 
is readily volatile, element C less so, and element B is relatively involatile. A 
provides an adequate internal standard for volatile elements and B for the 
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involatile, but neither is well suited for C. The addition of A and B, however, 
gives a curve, A + B, which bears a constant ratio of 3:1 to the curve of C, except 
at the very beginning and at the end of the arcing cycle. 

The following example is taken from practice. Fig. 2 portrays the volatilization 
curves for indium, gallium and palladium drawn from intensity measurements as 


Table 1. Intensity data for the analysis of gallium in carbonates 


(1) (2) (3) 
cal log log + Ipq)] 


log I 


Plate | 0-92 0-89 —0-9] 
0-87 —1-02 0-95 

31-62 p.p.m. 0-89 —1-01 ~0-95 
Ga 0-87 0-99 —0-93 
~1-01 ~0-96 


Average —0-89 0-98 —0-94 
Mean absolute 

deviation from 

mean 0-022 0-040 0-016 


Plate 2 


100 p.p.m. 0-25 —0-44 
Ga 0-29 —Q-42 
0-32 —()-32 
0-43 0-05* 

0-03* 0-41 


Average —0-31 
Mean absolute 
deviation from 
mean 0-048 


Plate 3 5 0-51 
0-49 

1000 p.p.m. . 0-56 
0-46 
0-43 


Average 0-49 
Mean average 

deviation from 

mean 0-072 0-13 0-036 


the photographic plate is moved stepwise every few seconds during the course of 
the excitation. Palladium and indium are used as internal standards for about 
twenty elements ranging in volatility from lead to titanium. Gallium is a trace 
element in a calcium—magnesium carbonate matrix approximating the composition 
of a dolomite. Although several methods have been used to reduce selective 
volatilization, such as the dilution (1:1) of the sample with graphite powder and 
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employment of the Stallwood air jet [2], it is evident that selective volatilization 
is still an important factor affecting precision. The departure from the normal 
bell-shaped volatilization curve to the curve with a prominent valley about one- 
third of the time from the start of the excitation, results from the dilution with 
graphite. 

Table 1 presents the data for three concentrations of gallium. Columns (1) 
and (2) contain the log-intensity ratios of gallium to indium and of gallium to 
palladium, respectively. Column (3) comprises the log-intensity ratios of gallium 
to an empirical internal-standard curve obtained by adding the palladium and 
indium log-intensities together. 


lable 2 Spectroch¢ mical procedure 


Spectral lines: Ga 2943 637 A*® 
In 3256-090 A 
Pd 3441-396 A 
Spectrograph: Jarrell-Ash 3-4:m grating with Wadsworth mount with dispersion of 
5-2 A/mm, first order 
Emulsion: Eastman-—Kodak III-F and Spectrum Analysis I for the range 2200-4900 A 
Slit: ll mm 
Intensity reduction: 1 copper mesh screen and rotating step sector with log intensity 
of 0-2 between adjacent steps 
Current and voltage: 8 A at 230 V on open circuit 
Exposure time: 120 sec or completion of burn 
Air jet flow about 4 l/min 


Lin. dia. anode (lower 


Electrodes: “Special’’ grade graphite of National Carbon Co.; 4 


electrode) has plain crater 1-5 6 mm 
Sample: Artificial standards using Johnson—Matthey “‘Specpure”’ chemicals providing 
a matrix of dolomite-like composition. “‘Special’’ grade graphite powder used 


as buffer 


* The intensity assigned to this line by the M.J.7T. Wavele ngth Tables is in error. 


In every example in columns (1), (2) and (3), the average absolute deviation 
from the mean ratio is less in the case of Ga/{(Pd In)/2}. On plate 1, the deviation 
is reduced by 20 per cent and in plates 2 and 3, it is reduced by 50 per cent. 

A striking example of the method's application is shown in observations 4 and 5 
of plate 2 (marked with asterisks). In observation 4, log (Ga/Pd) is +-0-05 compared 
with a mean of —0-31. Using log {Ga/{(Pd In)/2]} produces —0-25 compared 
with a mean of —0-30, a considerable improvement in precision. 

Other ways of adding the two internal-standard curves are possible, for example 
Ga/|(3In Pd)/4}, if a closer fit to the volatilization curve of the analysed element 
can be obtained. Computation, however, may be encumbered unless a mechanical 
means of calculation is employed. 

The use of the Ga/[(In + Pd)/2] curve (experimental details listed in Table 2) 
is an actual illustration of the principle of additive internal standards, and the 
subsequent experimental data verify the efficacy of this principle. The method is 
most applicable where: (1) selective volatilization has not been adequately 


2) B. J. StaLtitwoopn, J. Opt. Soc. Am. 44, 171 (1954). 
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suppressed; (2) where the concentrations of many elements are to be determined 
in one excitation; and (3) where spitting or ejection of sample material takes 
place during the arcing. It is important that preliminary volatilization curves be 
established with each type of sample to be analysed since the shape and the position 


of the curve is affected by the presence of large amounts of matrix elements, such 
as alkalies or graphite, and by the state of chemical combination of the element 
(e.g. as sulphide, oxide, etc.). 

Acknowledgements——The writer is indebted to Dr. D. M. Saw for kind permission to use his 
spectrographic laboratories at McMaster University in Hamilton and for critically reading the 


manuscript, and to Imperial Oil Limited who provided generous research funds for a study of 
trace elements in carbonate rocks. 
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Further studies of unusual effects in the infrared spectra 
of certain molecules 
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Abstract—The qualitative explanation previously offered [1] to explain an unusual feature in 
the infrared absorption spectrum of m-toluidine has been expressed in quantitative terms. 
Further examples of the effect are described and are compared with theoretical predictions. 
The simple theory is adequate in many cases and departures from the expected band shapes 
are ascribed to inadequacies of certain assumptions made in the derivation. 


Introduction 

In AN earlier paper the results of a study of an unusual effect in the infrared 
absorption spectrum of m-toluidine were described [1].* The phenomenon was 
interpreted as being due to an interaction between certain vibrational energy 
levels, this interaction being appreciable in only a fraction of the molecules. Such a 
restricted perturbation is possible because one of the energy levels involved, 
which is very sensitive to intermolecular interactions, may assume any of a wide 
range of energy values. At any instant some of the molecules are in a suitable 
condition for a relatively strong perturbation to occur while in most of the 
molecules the two levels are too far apart for appreciable interaction. 

More experimental! data showing the effect have been obtained and are 
presented here along with the results of some calculations of theoretical band 
envelopes based on a simple model. 

Theory 

The model used is illustrated in Fig. l(a). £,° is the upper energy level of one 
vibrational transition while Z£,° is the upper level of another vibrational transition. 
Due to intermolecular interactions, level £,° may assume many values whereas £,° 
is unaffected by intermolecular effects so that all molecules have the same £,°. 
In Fig. 1(b) the resulting absorption spectrum assuming no interaction between £,° 


and £,° is shown—a broad band, /,°, upon which is superposed a very narrow 


band, /,°. In the calculation we shall assume that the transition moment of the 
transition between the ground state and £,° is very small compared with that 
between the ground state and £,”, i.e. J,° » 1,°. 

When the energy levels, which in the zero approximation described above 


* It should be noted that although only one example was discussed in this paper, there are two 
other cases to be found in the spectra shown. These are at ~560 cm~! and ~544 cm" in the dilute 
solution of m-toluidine in CS,, Fig. ld 


1} J. C. Evans and N. Wricut, Spectrochim. Acta 16, 352 (1960). 
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are independent, are allowed to interact, the resulting energy levels are modified 
to an extent determined by their zero approximation separation and by the 
magnitude of the interaction energy. The details of the application of first-order 


perturbation theory to similar problems are well known; perturbations between 


rotational or vibrational energy levels of different electronic energy levels of 


diatomic molecules are common [2] while perturbations between a fundamental 


and an overtone or combination are frequently encountered in infrared and 


taman spectra [3]. These latter perturbations are generally known as Fermi 


resonance and are due to anharmonic terms in the potential energy. 


Fig. 1. (a) The distribution of energy levels in the zero approximation condition with no 
perturbation between E,° and £,°. (b) The absorption spectrum observed under these 
conditions, 


The essential results of such a perturbation treatment will be summarized 
briefly. Two vibrational energy levels with zero approximation eigenfunctions ’,° 
and Y’,° and with energies £,° and £,° perturb one another producing two new 
mixed energy levels with eigenfunctions ‘’, and ’, and energies Z, and E, where 


bY’,° j ,° 


and where 


E, or E, = \(E,° + 4 3A (1) 


A, the separation of the new levels is given by 


A = + 


where W,, is the perturbation energy and 6 = H,° — E,°. Furthermore, if 
I,° > I,° then the ratio of the new band intensities 


| 
2a 


Numerical values must be assumed in order to apply these relations to the 


[2] G. Herzpere, Spectra of Diatomic Molecules p. 282. Van Nostrand, New York (1950). 

[3] G. Herzperc, Infra-red and Raman Spectra of Polyatomic Molecules p. 215. Van Nostrand. New 

York (1945). 
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calculation of the change in the observed absorption spectrum. In Fig 2 the 
range of the possible energy values of £,° was taken to be defined by a Lorentz 
curve of half width 150 em-', which is a reasonable approximation to some of the 
bands observed. A value of W,, = 10 cm~ was assumed. 

Calculations of the new positions Z, and £, were made starting with £,° = £,° 
and proceeding with EZ,° fixed and with £,° either increasing or decreasing in 
1 em=! steps. The new levels are drawn in as vertical lines in Fig. 2 and their 
heights, which give J, and J,, are obtained using expression (2) and the Lorentz 
curve. Each calculation in effect deals with a different molecule. 


Optical density 


Fig. 2. The effect of the interaction upon the absorption spectrum. The observed 
absorption spectrum is given by the line b. Line a is the undistorted Lorentz curve. 


The manner in which the new levels are distributed may be described briefly. 
All Z,° levels lying to the right of £,° (i.e. O) will, upon interaction with the 2,° 
levels, yield new levels £, lying to the right of A (where OA W,.) and new 
levels Z, lying in the region OB, where OB = W,,. Similarly, all £,° levels lying 
to the left of £,° yield levels £, lying to the left of B and £, levels lying in the 
region OA. The increased density of lines near O shows how the energy levels 
pile-up in this region. 

Thischange in energy-level distribution must be taken into account in computing 
the new band envelope. Equation (1) written in terms of wavenumber is 


vy, = + »,°) + + 


which, upon partial differentiation, becomes 


ov l 


where i or 2 3 
2° (8 + 4W,,2)2 (3) 


Four such expressions, which on the right-hand side differ only in the sign of the 
second term, are applicable to the four regions defined by the points A, O and B. 
The vertical lines in Fig. 2 were corrected by dividing by the appropriate value 
of expression (3). These corrected intensity values were also plotted on Fig. 2 to 
give the final band envelope which is the line marked b. 

Caleulations were also made assuming smaller values for the interaction 
energy; Fig. 3 shows the result for W,, = 2cm~'. Also on Fig. 3 the result of the 
special case where £,° is coincident with the center of the range of £,° is illustrated. 
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Results and discussion 


Several assumptions were made in the derivation of the theoretical absorption 
curves which will not necessarily be valid in actual cases. The level Z,° was taken 
to be the same for all molecules, whereas in practice a Lorentz curve of half-band 
width of several wavenumbers or more is found for most vibrational absorption 


Fig. 3. More theoretical examples of the effect. That marked (ii) is the result for 
W,, = 2cm™ while that marked (i) illustrates the case where E,® coincides with the 
center of 


Q-toluidine 


solution (c) solution 


Fig. 4. Infrared absorption spectra of o-toluidine at 25°C: (a) film of the liquid between 
KBr plates; (b) 10°, solution of o-toluidine in CCl,, 0-1 mm cell; (c) 0:7%, solution of 
o-toluidine in CS, in 1-1 mm cell. In these and other solution spectra reproduced, some 
weak solvent absorptions are included. 


bands. The finite resolving power of the spectrometer will have an effect on the 
observed spectrum although with slit widths of ca. 1 em~! used in these studies this 
should not be serious. When /, is not very small relative to J, quite different 
results will be obtained; some of the spectra to be described later illustrate this case. 

However, one favorable case, which under suitable conditions illustrates both 
the effect when E,° coincides with the center of the distribution of £,° and when it 
does not, is that of o-toluidine. The infrared spectrum of the liquid shows the 
effect at ~585 cm where it appears on the side of a very broad absorption band 
centered at ~650 cm~![Fig. 4(a)]. In the Raman spectrum a strong, polarized band 
is found at 587 cm~. In 10% solution in CS, or CCl, [Fig. 4(b)] the broad band, 
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which is very probably the wagging (or inversion) mode of the NH, group, is 
moved to lower wavenumber and its center is near 590 cm~'. The effect is now 
similar to that illustrated in Fig. 3(i). A more dilute solution in CS, [Fig. 4(c)] 
shows that the two levels which give rise to a strong Raman band at 519 em 
and a weak Raman band at ~538 cm™~ are also interacting with the broad NH, 
level producing distortions in these regions. 


Fig. 5. Infrared absorption spectrum of a 10° solution of aniline in CS, at —5°C; 
cell thickness 0-1 mm. 


Another example of the effect which has the appearance predicted by the 
simple theory occurs in solutions of aniline in CS, or CCl, at ~530 cm~. Here the 
interaction is between the NH, wagging mode and a planar mode involving the 
ring and C—N bond [4]. Cooling the solution sharpens the effect and in Fig. 5 
the spectrum at ~—5°C is shown. In liquid aniline the broad band is at higher 
wavenumber so that the effect is not readily apparent. This spectrum and that 
of aniline-ND, may be found in [4]. 

Many other examples have been found amongst the aromatic amines. In all 
these cases the broad band is that assigned to the NH, wagging mode. In many, 
the effect departs somewhat from the shape predicted by the simple theory, 
and these departures are attributed to the finite widths of the sharper bands and in 
some cases to the finite value of the absorption intensity of the weaker transition. 
A few examples will be illustrated. 

p-Toluidine liquid (Fig. 6) shows two examples at 704 and 744 cm~'; two weak 
Raman bands were observed at 706cem~ and 743cm-!. Dilution with CS, 
modifies the shapes somewhat but the effects appear the same in the solid as in 
the liquid. The departure from the simple theory is in these cases presumably to 
be ascribed to the rounding-off produced by the finite width of £,°. 

p-Chloroaniline (Fig. 7) also shows two examples, that at ~700 cm~’ being 
rather similar to the corresponding case in p-toluidine except that in the solid 
[4] J. C. Evans, Spectrochim. Acta 16, 428 (1960). 
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spectrum a distorted absorption band appears at 701 em~. The second example 
illustrates the case where J, is not very much greater than I,; the distorted 
absorption band at 639 cm~ is the result. p-Bromoaniline similarly shows the 
effect at 700 cm~! and a distorted absorption band at 603 em-. 

A molecule which shows three manifestations of the effect is 2: 6-dimethyl- 
aniline (Fig. 8). The effects coincide with three Raman bands at 494. 546 and 
675 cm™, that at 675 em being the strongest in the spectrum. 


P-toluidine 


Optical density 


(b) solid (c) solution 


(a) liquid 


cm 
Fig. 6. Infrared absorption spectra of p-toluidine: (a) liquid film between KBr plates 
at ~60°C; (b) solid film at 25°C; (c) 10% solution in CS, in 0-1 mm cell at 25°C, 


p-chioroaniline 


> 
~ 


Optical density 


(b) solid 


(c) solution 


Fig. 7. Infrared absorption spectra of p-chloroaniline: (a) liquid film between KBr plates 
at ~80°C; (b) solid film at 25°C; (c) 10° solution in CS, in 0-1 mm cell at 25°C, 


Other molecules showing the effect are 3:4-toluenediamine, 2:4-dichloro- 
aniline, p-nitroaniline, 3:5-dimethylaniline, 2:5-dichloroaniline, 2:4-dimethyl- 
aniline. Undoubtedly numerous other amines will be found to show the effect. 
Studies are now being made of examples outside the amine series and the results 
will be reported later. 


Experimental 
The materials used were all commercially available samples which were 
re-distilled. 
Infrared spectra were recorded with an automatic-recording, prism-grating 
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instrument designed and built in this laboratory by Herscner [5]. Slit widths 
were ca. lem~?. Raman spectra were obtained photoelectrically using a Hilger 
instrument and 4358 A excitation. All Raman spectra were obtained for liquid 
samples which in some cases required sample temperatures up to ~80°C, It was 


2,6 dimethyloniline 


4 
| 
| 


Optical density 


(b) solution 


cm 


Fig. 8. Infrared absorption spectrum of 2:6-dimethylaniline: (a) liquid film between 
KBr plates at 25°C; (b) 10°, solution in CS, in 0-1 mm cell at 25°C, 


found necessary to distil the amines into the Raman sample tube under vacuum 
and then to seal off the tube in order to prevent rapid coloration of the samples on 
exposure to the exciting light. Wavenumber values quoted are believed to be 
better than —2 cm~! for both infrared and Raman data. 

Acknowledqements—It is a pleasure to acknowledge helpful discussions with Dr. JoHN OVEREND 
and with Dr. NorMAN WRIGHT. 


(5) L. W. Hexscuer, Spectrochim. Acta 11, 901 (1959). 
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Abstract — Infra-red spectra of acetaldehyde-ammonia and its derivatives have been investigated. 
The spectrum of the crystalline acetaldehyde-ammonia is interpreted on the basis of C,, site 
symmetry of the (CH,CHNH), ring and the CH and NH bending frequencies are discussed in 
detail. There is evidence that water molecules are hydrogen bonded within the water ring 
(O—H---O) and to the substituted triazine ring (O-——-H---N). An interpretation of the spectrum 


of the dehydrated derivative is given. 


Introduction 

WE WERE interested, in connexion with our investigations on the linear |1, 2] 
and cyclic [3] polyaldehydes of the general formula (—CHR—O—),, in the spectra 
of condensation products of aldehydes and ammonia of the general formula 
(—CHR—NH—),. Acetaldehyde-ammonia is a representative of this class of 
polymers whose structure has been determined by X-ray diffraction [4, 5). 
[6] already suggested that acetaldehyde-ammonia is a trihydrate 
of 2:4:6-trimethylhexahydro-1 :3:5-triazine, (CH,CHNH),-3H,O. AscHan [7] on 
the other hand claimed that the solution of this compound in acetaldehyde and in 
water contains linear trimers and dimers. The structure of solid acetaldehyde- 
ammonia has been investigated by Morrman [4] and recently reinvestigated 
by Lunp [5]. They have determined the crystal structure and confirmed that the 
solid substance is a cyclic trimer. 

In the present paper the infra-red spectra of solid acetaldehyde-ammonia and 
its deuterated derivatives have been studied in order to correlate the spectral 
and X-ray diffraction data with respect to the structure. In particular, there was 
some interest to identify the NH in-plane bending frequencies which are rather 
difficult to find in the spectra of aliphatic secondary amines [8]. 


Experimental 
Acetaldehyde-ammonia, (CH,CHNH),-3H,O, was prepared by introducing 
gaseous ammonia to an ice-cold solution of acetaldehyde in dry ether [7] and by 


+ N.R.C. Postdoctorate Fellow 1956-1958. Present address: Chemical Institute Boris Kidrié, 
Ljubljana, Yugoslavia. 


1] A. Novak and E, Wuatuey, Trans. Faraday Soc. 55, 1484, 1490 (1959). 
A. Novak and FE. Waattey, Can. J. Chem. 37, 1710 (1959). 
4. Novak and E. Wuatiey, Can. J. Chem. 36, 1116 (1958). 
N. F. Moerman, Z. Krist. 98, 447 (1938). 


. Deiérrve, Bull. soc. chim. France 19, 15 (1898). 
. Ascwan, Ber. deut. chem. Ges. 48, 874 (1915). 
. A. Barr and R. N. Haszecpre, J. Chem. Soc. 4169 (1955). 
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adding aqueous ammonia to acetaldehyde cooled in an ice bath [9]. The products 
obtained by both methods were recrystallized from methanol and gave identical 
infra-red spectra. 

The C-deuterated derivative, (CH,CDNH),-3H,O, was prepared by adding 
gaseous ammonia to an ice-cold solution of acetaldehyde-d, in dry ether. 
Acetaldehyde-d, was obtained by the method described by LEITCH [10). 

The N-deuterated derivative, (CH, HND),-3D,0, was prepared by dissolving 
acetaldehyde-ammonia in heavy water; it was crystallized, and quickly dried in a 
stream of dry air over phosphorus pentoxide. Dehydrated acetaldehyde-ammonia 
was obtained by keeping the hydrate in a vacuum desiccator over concentrated 
sulphuric acid overnight 

The substances were examined as mulls in Nujol and hexachlorobutadiene, 
and the undeuterated compounds as crystalline films and as solutions in carbon 
tetrachloride. Acetaldehyde-ammonia was also investigated at liquid-nitrogen 
temperature as a Nujol mull pressed between silver chloride plates and mounted 
in a cold cell of the conventional type. The spectra were recorded on a Perkin 
Elmer model 21 infra-red spectrophotometer using sodium chloride and calcium 
fluoride prisms and on a Beckman IK -4 instrument with a caesium bromide prism. 
The spectra of acetaldehyde-ammonia and its derivatives are shown in Fig. | 
and the wavenumbers and relative intensities of the absorption bands are listed 
in Table 1. 


Discussion and results 
Acetaldel ammonia 

1. Predicted spectrum. The hexagonal unit cell (a 11-29. ¢ 15-87 A) of 
acetaldehyde-ammonia contains six rings of trimer (( H.CHNH), and three 
six-membered puckered rings of the water of cry stallization, each of the water rings 


being sandwiched between two trimeric rings. The space group 1s R3m5). We shall 


use the site group approximation |11] for discussing the spectra. The trimers are 
situated on sites of symmetry © of the R3m crystal. There are 3 24 6 66 


fundamentals (i iternal vibrations) of the (CH { HNH), molecule in the cryst il of 


acetalade nyae immonia and the divide themselves under the ¢ ; site symmetry, 


into 144, 1, 22E «vibrational species. Frequencies of the external 
vibrations are expected below the investigated region. Only A,- and E-species are 
active in the infra-red spectrum and there are, thus, thirty-six active fundamentals. 
We shall also cl issily the vibrations according to the approximate type of motion 
as shown in Table 2. This classification is in some cases a very crude approximation, 


as it will be shown later, but it is useful for the present purpose and we do not 


1e designat« d motions are pure ones 


imply that tl 

Water of crystallization forms a six-membered ring and there are hydrogen 
bonds between the water molecules within the ring on one and the trimers on the 
other side [5). Three internal and three external modes are expected for a water 


molecule in the crystal. However, the water bands are broad and the splitting 


9) D. T. J. Lewis, J. Chem. Soc, 968 (1939). 
10) L. cn. Can. J. Chem 33, (1055). 
11) R. 8. Hacrorp, J. Chem. Phys. 14, 8 (1946). 
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due to the presence of six molecules in the water ring is not observed as it will be 
shown below. 


2. NH stretching and H,O bands: hydrogen bonding. There are two, strong, 
broad bands at 3310 and 3060 cm~ and a sharp, strong band at 3215 em~! which 
shift to 2460, 2320 and 2390 cm-, respectively, on deuteration of the nitrogen 
and water hydrogens: they can thus be attributed to H,O and NH stretching 
vibrations. The 3310 and 3060 em-! bands are not observed in the spectrum of 
dehydrated acetaldehyde-ammonia and are thus due to H,O stretching vibrations. 


Absorption 


Fig l. Infra-red spectra of (a) dehydrated acetaldehyde-ammonia; (b) acetaldehyde- 
ammonia, solid line room temperature, dotted line liquid nitrogen temperature; 
(c) C-deuterated acetaldehyde-ammonia: d) N-deuterated acetaldehvde-ammonia. 
Mulls in Nujol and hexachlorobutadiene, respectively. 


The broad 3060 em~! band is probably due to the OH groups which are hydrogen 
bonded within the water ring. The oxygens are 2-70 A apart and the position of the 


corresponding »(OH) band is expected somewhere between 3100 and 3000 em= 


according to the relationship between the O--++O distance and the wavenumber 
of the OH) band [12]. The intermolecular distance N---O is 2-87 A and 
indicates another hydrogen bond (5) which may be either N—H---O or 
O—H---N. The X—H---Y stretching bands of the hydrogen-bonded groups 
are usually broad [13] and the 3310 cm~! water band is thus likely to be due to the 
bonded O—H---N group, i.e. there is a hydrogen bond between the water 


oxygen and the trimer nitrogen via the second water hydrogen. The sharp 
3215 em~ band is then a »(NH) band and its analogue of the dehydrated derivative 
An alternative, i.e. that the 3310 em~! band 


(see below) is observed at 3170 em™. 


(12) K. Nakamoto, M. Marcosues and R. E. Runpie, J. Am. Chem. Soc. 77, 6480 (1955). 
[13] 8. Bratoz and D. Hap, J. Chem. Phys. 27, 991 (1957). 
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Table 1. Wavenumbers (cm™') and relative intensities of infra-red absorption bands 
of acetaldehyde-ammonia and its deuterated derivatives 


3 3 2 3 3 2 3 3 = description 


Liquid- 
Room 
nitrogen 

temperat ure 
temperature 


3310 vs, b $3250 3310 vs, b v(O—H-N) 
3215 vs $225 3215 vs v(NH) 
3060 vs, b 2980 3060 vs, b v(O—H::-O) ; 
2960 sh 4 
2930 s 2930 s 2930 s v(CH,) and 
2910 sh v(CH) 
2860 m 2860 m 2860 m 
2460 vs, b v(O—D-N) 
2390 vs vy(ND) 
2320 vs, b r(O—D---O) 
2270 w, b 2280 2270 w, b 1665 622? 
2230, m, b 2260 2230 m, b 


2185 


2155 wi (CD) 
1665 m, b 1690 1665 m, b O(H,0) 
1498 s 1508 —- OONH CH) 
1490 sh 1496 1488 m-s — d(NH) 
1465 s ) 14658 
1450 s 1450s | 1465 8) 5,(CHy) 
1445 sh} 1445 ml 
1386 m 1386 m 6,(CHg) 
1389 s O(NH) 
1373 s 1373 s d(CH) 
1342 s O(CH) 
1305 m 1308 OONH CH) 
1222 vs 
1180 vs 1185 1200 vs 1183 vs 
1143 m-s 
1132 m-s 1135 1124 m 
1115 vs 1119 1095 vs 1090 vs 
1076 m 1075 m 
1062 vs L066 1035 vs 
1042 m 
1010 m-s OND)? 
1009 s A(CD) 
968 s A(CD) 
955 m-s 963 938 m-s 945 m 
912s 917 lls y(CH) ? 
816 vs, b 834 835 vs, y(NH) 
815 vs, b 
740s, b 770 740s, b »(H,O) 
622 s, b 662 622 s, b »(H,0) 
695 vs »(ND) ? 
545 m-s 538 m-s 
467 m-s 456 m-s skeletal 
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is due to N—H - - - O bonded group, is less likely. In this case the 3215 em~ band 
ought to be due to a comparatively free OH group and its position is definitely 
too low for this assignment. The position of the »(NH) band at 3215 cm~ on the 
other hand may be compared to the “free” »(NH) bands of aliphatic secondary 
amines at about 3300 cm~! [8, 14]. Two NH stretching frequencies (14, + 12) 


Table 2. The predicted spectrum of the (CH,CHNH), molecule in the crystal of 
acetaldehyde-ammonia (site group C3,) 


Approximate Number of fundamentals Expected frequency range 
description under the symmetry species (em?) 
A, Ay E 
NH stretching l 1 3500 to 3000 
CH, stretching 
int. sym. l l 
int. antisym. l | 2 3100 to 2750 
CH stretching l l 
NH in-plane 
bending l 1 1700 to 1400 
CH, bending 
int. sym. ] l 1400 to 1350 
int. antisym. l l 2 1480 to 1400 
CH in-plane 
bending l l 1450 to 1250 
CH out-of-plane 
bending ] l 1300 to 700 
CH, rocking l l 2 1250 to 900 
Skeletal 5 2 7 below 1200 
NH out-of-plane 
bending 1 l 900 to 600 
CHg torsional l l below 400 
14 8 22 


are expected in the spectrum of acetaldehyde-ammonia and one »(NH) band has 
been identified: either the frequencies are not resolved or the other »(NH) band 
is overlapped by broad water bands. 

The remaining water bands are the medium strong 1665 em~' and the strong 740 
and 622 cm~! bands. These bands are rather broad and are not observed after 
deuteration or dehydration. The 1665 em band is probably due to the deformation 
mode and the 740 and 622 em~ bands to the external, rotatory, motions of water 
molecules. The latter two bands are similar to the water bands of aquo complexes 
assigned to the external water modes [15]. The cold spectrum of acetaldehyde- 
ammonia shows that the water bands are much more affected by cooling than the 
(CH,CHNH), bands which shift for only a few wavenumbers (except the 816 em 
band) towards the higher frequencies. The H,O stretching bands shift by about 


[14] J. E. Srewart, J. Chem. Phys. 30, 1259 (1959). 
[15] J. Fusrra, K. Nakamoto and M. Kopayasui, J. Am. Chem. Soc. 78, 3963 (1956). 
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60 em~ towards lower frequencies, the H,O deformation band shifts from 1665 
to 1690 em~!, and the 740 and 622 em~! bands to 770 and 662 cm, respectively. 
All water bands sharpen considerably on cooling. Similar shifts are also observed 
for pure water | 16). 

a. CH , and ( ‘H stretching bands. Five ( ‘H, (2A, 3E) and two CH (1A, LE) 
stretching frequencies are expected and four medium-to-strong bands at 2960, 
2930, 2910 and 2860 em are observed in the spectrum of the N-deuterated 
compound where broad water bands do not interfere with the stretching bands 
of CH, and CH groups. The »(CH) bands being weaker are probably overlapped 
by stronger methyl bands; their »(CD) analogues, however, can be identified as 
two weak bands at 2185 and 2155cm™! in the spectrum of the C-deuterated 
derivative. 

t. NH and CH in-plane and CH, bending bands. There are medium-to-strong 
bands at 1498, 1490, 1465, 1450, 1445, 1386, 1373 and 1305 em, i.e. in the region 
where two NH, two CH and five CH, (three internally antisymmetrical and two 
internally symmetrical) bending frequencies are expected. The 1465, 1450 and 
1445 cm~ bands (resolved in the spectrum of crystalline film of acetaldehyde- 
ammonia and mull of C-deuterated derivative) appear almost unchanged in the 
spectra of deuterated derivatives and can be assigned to three (1A, 2B) 
internally antisymmetrical CH, bending vibrations. The 1386 em~' band can on 
similar grounds be assigned to two (1A, 1£) internally symmetrical CH, 
bending modes. The 1373 and 1305 em~ bands are not observed in the spectrum of 
the C-deuterated derivative and are thus due to CH groups; the 1498 and 1490 em~* 
bands are not observed in the spectrum of the N-deuterated derivative and are 
thus due to NH groups. However, in the spectrum of the N-deuterated derivative 
a new band appears at 1342cm~! and in the spectrum of the C-deuterated 
derivative a band, much stronger than the 1386 cm~! band, appears at 1389 em~?. 
A possible explanation of these bands is that the NH and CH in-plane bending 
vibrations are strongly coupled like to the OH and CH bending vibrations of 
secondary alcohols {17] or chloral hydrate [18]. The bands might be interpreted 
as follows. The 1498 and 1305cm~-! bands are due to coupled (NH + CH) 
in-plane bending modes. When the N-hydrogens are substituted by deuteriums 
the CH in-plane bending frequency returns to its unperturbed position giving 
rise to the 1342 em-! band, and when the C-hydrogens are substituted by deu- 
teriums the NH in-plane bending frequency appears at 1389 cm~' overlapping the 
weaker 1386 cm~! band. The 1490, 6(NH), and 1373 em~!, 4(CH), bands appear 
but little affected in the spectra of C-deuterated and N-deuterated derivatives, 
respectively. There are two NH (1A, + 1£) and two CH (1A, 1£) in-plane 
bending vibrations but only one species (A, or Z) seems to be coupled. The 6(CD) 
frequencies may be associated with two new bands at 1009 and 968 cm which 
appear in the spectrum of C-deuterated derivative. The assignment of the d(ND) 
bands is less certain: the 1143, 1042 and 1010 cm~! bands are possible candidates 
in the spectrum of N-deuterated derivative. 


16) P. A. Gievére and K. B. Harvey, Can. J. Chem. 34, 798 (1956). 
[171 8S. Kru, C. Y. Liane and G. B. B. M. Surmertanp, J. Polymer Sci. 22, 227 (1956). 
[18] D. M. W. Anvenrson, L. J. and R, L. WiLtiaMs, Spectrochim. Acta 12, 233 (1958). 
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5. NH and CH out-of-plane, CH, rocking, and skeletal bands. The interpretation 
of the bands below 1200 em~ in terms of the approximate type of motion appears 
more difficult because many of the corresponding frequencies may be strongly 
interacting as is indicated by the shifting of the bands on deuteration. Of most 
interest in this region are the NH and CH out-of-plane motions. One »(NH) 
frequency of E-species is expected and there is a band near 816 cm-! which 
disappears on deuteration of the NH groups. Its position is not far from the 
position of the »(NH) band of aliphatic secondary amines at 735 l5em~! [14] 
and it may be due to a mainly NH out-of-plane bending mode. The identification 
of the »(CH) band is less certain: one y(CH) frequency is expected and a 
candidate for this frequency is the 912 cem~! band which is not observed in the 
spectrum of the C-deuterated compound. The remaining six bands near 1180, 
1135, 1119, 1076, 1062 and 955 em~™ are probably due to CH, rocking and skeletal 
(C—N and C—C) vibrations. Three CH, rocking (1A, + 22) and six skeletal 
(3A, 3H) frequencies are expected about here. There are finally three bands at 
545, 467 and 305cm~! which can be attributed to the skeletal motions. The 
remaining infra-red active skeletal modes may be below the investigated region. 

The infra-red spectrum of the (CH,CHNH), molecule in the crystal of acetalde- 
hyde-ammonia can thus be interpreted on the basis of C’, site symmetry and is 
consistent with the structure of acetaldehyde-ammonia determined by X-ray 
diffraction {5}. 


Dehydrated acetaldehyde-ammonia 


The structure of the dehydrated acetaldehyde-ammonia has not been 
determined. The empirical formula is (C,H,N),, its molecular weight, however, 
is different in different solvents [7] and changes with time which indicates possible 
depolymerization and/or dissociation of the compound. The solid compound on the 
other hand is a well-defined substance which crystallizes in the cubic space group 
Pa3 with the lattice constant a 14-56 A. The density is 1-093 which is consistent 
with a unit cell containing sixteen C,H,,N, formula units [19]. Because the 
dehydration of acetaldehyde-ammonia and the hydration of the anhydrous 
product is easy, one would not expect major structural changes during this 
reaction, and it seems likely that the dehydrated derivative still contains cyclic 
trimers (CH,CHNH),. If this is so its infra-red spectrum should be similar, except 
for the water bands, to the spectrum of acetaldehyde-ammonia which is observed 
(Fig. 1). It is important that there are no bands attributable to the NH, and 
C==N groups which would be expected for non-cyclic structures [7]. 

Comparison of the spectra of acetaldehyde-ammonia and its dehydrated 
derivative (Table 3) reveals also an important difference: in the spectrum of the 
dehydrated compound many of the bands analogous to the (CH,CHNH), 
of acetaldehyde-ammonia are split and shifted and a few medium strong and 


bands 


strong bands appear. If there are (CH,CHNH), molecules present there are, 
in general, three possible reasons for these changes. 


[19] E. W. Lunn, Acta Chem. Scand. 5, 678 (1951). 
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(1) The (CH,CHNH), molecule itself may have a symmetry lower than C;,,, 
i.e. it may be a stereoisomer which has a chair form of the ring and an axial methyl 
group or a boat form of the ring. An acceptable symmetry of possible isomers 
is C, [3] and this would explain the splitting as well as the appearance of new bands. 


Table 3. Comparison of the infra-red absorption bands of acetaldehyde-ammonia and 
its dehy drated derivative 


Dehydrated 
acetaldehy de- 


de crate 
Acetaldehvde- hy irated Acetaldehyde- 
acetaldehyde- 


ammonia ammonia 
ammonia ammonia 


3310 . 1305 m 1323 
3215 3170 vs 1312 
3060 1265 
2930 2940 s 1220 
2900 s 1210; 
2860 2850 
2780 m- L180 
1135 
2500 1118 
2270 1112 
2230, 1090 
1665 m, m 1072 
L060 
1498 1496 m- 975 
1490 1480 965 
1475 918 
910 
1465 
1440 845: 
1430 820 
811 
1395 
1375 740 vs, b 
1361 622 s, b 


1350 


However, if the molecule itself has a C, symmetry it should occupy a general 
position under the Pa3 symmetry of the crystal; twenty-four molecules are 
required for this but there are only sixteen molecules in the unit cell. This 
possibility seems thus inconsistent with the space group and density of the 
dehydrated acetaldehyde-ammonia. 

(2) The symmetry of the crystal reduces the C,, symmetry of the molecule. 
There are C,, and C, sites available under the Pa3 space group [11] and the trimers 
can be on C, axes [19]. They cannot be on C,, sites because it seems very unlikely 
that they would have centres of symmetry and it follows that there must be two 
sets of molecules each set on C, axes and two sets crystallographically independent. 
There are only A and E£ vibrational species under the C, site group and the formerly 
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forbidden A, vibrational modes of the C;, molecule in acetaldehyde-ammonia 
are allowed in the spectrum of the dehydrated derivative. The new medium or 
strong bands near 1265, 1220, 1210, and 845 em~! may then be due to this class 
of vibrations. A CH, rocking, a skeletal stretching, a CH and a NH out-of-plane 
bending frequency (Table 2) are expected about here. The C, site group approxi- 
mation explains the new bands but not the splitting. 

(3) The splitting of the bands may be due to the vibrational coupling between 
the molecules. There are sixteen molecules in the unit cell and there are probably 
N—H---N hydrogen bonds between them as indicated by the position of the 
v(NH) band at 3170 em~! which is lower as in acetaldehyde-ammonia. There are 
also two crystallographically independent sets of molecules which may have 
different environment and this may cause more splitting. 

It seems therefore that the difference between the spectra of acetaldehyde- 
ammonia and its dehydrated derivative is due, apart from the water bands, 
rather to the effect of the crystal than to the lowering of the symmetry of the 


(CH,CHNH), molecule itself. 


Solution spectra 


The solution spectrum of acetaldehyde-ammonia in carbon tetrachloride is 
similar to that of the dehydrated derivative in the same solvent; both are rather 
different from the respective solid spectra. In particular, there are intense bands 
near 1720 and 1650 em~ attributable to C—N and/or NH, groups. This indicates 
that there is some depolymerization of the ring. 


Acknowledgement—The writer wishes to acknowledge his indebtedness to Dr. E. WHALLEY 
for useful discussions and for critical reading of the manuscript. 
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Abstract A metho inding wool and other fibrous or elastic materials to a fine powder by 


f tl -B lescribed. Using the KBr disk technique, satisfactory infra-red 


i. In the literature most attention has been given to the 
In this study the behaviour of some bands, when 
ls, has been investigated. Six bands present in the 


. 2800, 1570, 1399, 1377 and 1342 em l have been assigned. 


Introduction 

THe preparation of thin and uniform samples of fibrous and elastic materials such 
as wool for infra-red spectral investigations has always given rise to some diffi- 
culties [1 \ number of attempts to overcome these difficulties have been found 
in the literature. Brer et al. [2] cut the fibres into small pieces with a microtome, 
while Crook and TayLor [3] mull the textile material between ground-glass plates 
with a few drops of paraffin or hexachlorobutadiene, and also mention the method 
of Cannox. Devaney and THompson [4] use diamond powder embedded in 
steel to grind a powder of epoxy-resin from a layer of this material. Weston [5] 
mentions that all materials that he studied, including wool, were finely ground and 
made into disks with KBr powder. No other details are. however. given in his 
paper or the reference cited 

The Wig-L-Bug, a wrist-type mortar, when used with a hard-tempered steel 
vial, containing the sample and pounding steel balls. completely filled with liquid, 
has been found most suitable for preparation of finely ground powders of fibrous 
materials for the KBr disk technique. 

The infra-red spectra of wool samples using this method of sample preparation 
have been studied. Assignments for a few new bands and a new assignment for 


the 1399 cm band are suggested 


Experimenta! 


Properly cleaned and dried-wool fibres cut into pieces having lengths of 


approximately 1 mm are put into the steel vial (Fig. 1), with two steel balls, and 


the vial is completely filled with carbon tetrachloridet (about 1-5 ml). The cap is 


ro, Tll., U.S.A, 


the vial because of its volatility and chemical inertness. 


iJ. ] wor, Py Roy. Sor Lor \ 206, 206 (1051 
M. Surwerianp, K. N. Tanner and D. L. Woop, Proc. Roy. Soc. (London) A 249, 


Ost 


B.B 


\ x and P. J. Tayior. Chem. & Ind vondon) 95 (1958). 
R. G. Devanry and A, L. Tuompson, Appl. Spectroscopy 12, 154 (1958). 
G. J. Weston, Biochim. et Bi yph ys. Acta 17, 462 (1055). 
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pressed into position and finally clamped in the holder of the Wig-L-Bug. Using 
this method wool fibres are ground to particles with lengths less than 20 « within 
30 min. | 

The addition of the liquid probably reduces the surface tension of the solid 
material thus making the action of the balls more effective [6]. Fig. 2 shows 
spectra of wool in the 3 ~ region, obtained with wool samples ground dry, as a mull,, 
and in a liquid-filled vial, respectively. Even in cases where the improvement of 


SCALE 


Fig. 1. Steel vial used for liquid grinding. 


the spectra is less pronounced than that illustrated in Fig. 2, this method of filling 
the vial, when elastic materials are ground, is preferred, as the liquid present in the 
vial allows an efficient dissipation of the heat of friction and thus diminishes the 
risk of sample decomposition. 

The experiments for studying the effects of various acid solutions on the infra- 
red spectra of wool were carried out at room temperature with wool powder 
These reactions were limited to 6 hr, while deuterium oxide was allowed to react 
with the wool powder samples for 3 days. 

After termination of the individual experiments the wool samples were washed 
with water and dried in vacuo over phosphorus pentoxide. 

Spectra of the 2-15 uw region were obtained with a Perkin-Elmer model 21 
(double beam) spectrophotometer with a linear wavelength calibration using the 
sodium chloride prism. 


Results and discussion 
A comparison of the X-ray diffraction patterns of virgin wool fibre and wool 
powder revealed that the grinding procedure described above reduces the crystal 
linity of the wool. In Fig. 3 the infra red spectrum of wool is shown Mohair and 


human hair prepared by the same method both gave spectra practically identical 
to that of wool. This finding is in agreement with the observations made by other 
workers [2]. In addition to the 2940 em~! CH, and CH, asymmetrical stretching 


vibration given by Breer et al. the symmetrical CH, and CH, stretching vibration 


[6] J. J. Brxerman, Surface Chemistry for Industrial Research pp. 354-358. Academic Press, New York 
(1947). 
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has been found at 2870 cm~. This band is sometimes reduced to a weak shoulder, 
depending on the shape of the main NH peak. Its assignment is confirmed by the 
fact that the intensity of this band is much higher in nylon. A similar absorption 
at 2800 cm-' may perhaps be assigned to the overtone of the CH, deformation 
mode, as it is not affected by deuteration and acidification. Mizusuima et al. [7] 
and Davtes et al. [8] found similar bands in the spectrum of N-methyl-acetamide 


8 


%e TRANSMISSION 


2 3 4 
WAVELENGTH (MICRONS) 


GROUND DRY 
” AS A MULL 
” IN A LIQUID-FILLED VIAL 


Fig. 2. Spectra of the 3 4 region of wool samples ground using different techniques. 


and their findings support the suggested assignment of the band at 2800 cm~, 
The evidence is, however, far from conclusive. 

The weak band at 1342 cm~! can be assigned to the deformation vibration of 
the CH group. Although this vibration generally gives rise to a weak absorption, 
the great number of CH groups adjacent to the peptide groups in the polypeptide 
chain can give rise to a detectable absorption. This band was not observed in 


nylon, but nylon contains fewer CH groups than wool. 


The 1399 em band 

This band of medium strength in the region 1380-1400 cm~! has been assigned 
by Breer et al. to the symmetrical deformation vibration of the CH, group. In 
[7] S. Mizusmima, T. 8. Nacakura, K. Kuratani, M. Tsusot, H. Basa and O. 


Fusioxa, J. Am. Chem. Soc. 72, 3490 (1950). 
{8} M. Davies, J. C. Evans and R. L. Jones, Trans. Faraday Soc. §1, 761 (1955). 
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the case of wool, the 1399 cm band, which corresponds to the 1385 em band 
Beer et al. list, cannot be associated with any CH,-group, as this band disappears, 
Fig. 4(a), in spectra of wool after treatment with an acid solution (1% solution of 
FeCl, in water, pH = 2-3). 

The acid behaviour of the ferric chloride solution is responsible for this 
phenomenon, as no effect was observed with an oxidizing reagent such as 10° 
hydrogen peroxide and a complex-forming reagent such as 4° lead acetate solution 
(pH = 6-3). Treatment with solutions (pH = 2-0—-2-5) of other acid compounds 
FREQUENCY (cu ~) 

3300 


3000 2000 1000 900 800 700 650 
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4 4 — i i 1 
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LS 


WAVELENGTH (MICRONS) 


Fig. 3. The infra-red spectrum of wool. 


such as HCl and KHSO, and acetic acid also caused disappearance of the 1399 em— 
absorption. 

The only reversible reaction of the CH, group with acids is the enolization of 
acetyl groups, which are not present in wool. The presence, however, of carboxyl 
groups gives an excellent explanation for the observed phenomena. Wool contains 
10-1-12-4 glutamic acid (—CH,—CH,—COOH) and 5-5-6-2 aspartic acid 
(—CH,—COOH) residues per 100 amino acid residues [9]. This number of groups 
could easily give an observable infra-red absorption band. BELLAMy [10] lists the 
following frequencies: 


COOH : 1725-1700 (8) 
COOH : 1320-1211 (S) 
—COO~: 1610-1550 em (8) 
—COO-: 1420-1300 (8) 


C—O str.) 

C—O str. or OH deform.) 
antisym. C—O str.) 

sym. C—O str.) 


The isoionic (or, for H* ions, isoelectric) point of wool is at pH 6-0—6-2[11]. At 
pH values <6-0 the COOH form occurs, while for pH values > 6-0 the COO~ is 
predominant. If now the 1399 em-' absorption is assigned to the lower COO- 
absorption frequency, the decrease observed for the 1399 em- band also should be 
present in a band in the 1610-1550 em region. Using a partial deuterated sample 
to lower the absorption of the strong amide II band at 1525 cm a band which 
forms part of this band was found with a similar behaviour to the 1399 em band, 


[9] W. H. Warp and H. P. LunpGrREN, Advances in Protein Chem. 9, 243 (1954). 
[10] L. J. Betitamy, The Infra-red Spectra of Complex Molecules p. 162. Methuen, London (1958), 
(11) D. R. Lene and T. Vickerstarr, Proceedings of the Symposium on Fibrous Proteins, Leeds, May, 
1946, pp. 129-141. Society of Dyers and Colourists, Bradford (1946). 
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Fig. 4(b). Differential spectra established a frequency of 1570 cm~ for this band. 
The expected new absorption bands in the regions 1211-1320 and 1700-1725 em™, 
present in acidified wool, could not be detected with certainty. In the region 
1700-1725 em the strong amide I band at 1660 cm~! prevents the detection of 


comparatively weak absorption bands. In the 1211-1320 em 1 region the great 
number of unidentified absorptions which give a spectrum without detail probably 


WAVE NUMBER (CM ™) 
1700 1400 1700 1400 


100 


® 


/o TRANSMISSION 


4 


7 6 
WAVELENGTH (MICRONS) 


ACID-TREATED WOOL 
NORMAL WOOL 


UNDEUTERATED 
DEUTERATED ( PARTLY) 


Fig. 4. Effect of acids on the spectra of normal and deuterated wool. 


forms an obstacle to the detection, with certainty of the second carboxyl band. 
These findings are in accordance with the results of Enriicn and SuTHERLAND [12] 
for polymethacrylic acid and of LeNorMANT and Buovut [13] for bovine plasma 
albumine. 

The acid treatment of the wool samples which caused the disappearance of the 
1399 cm~ band allowed a weak band at 1377 cm~ to be identified. This peak can 
be assigned to the symmetrical CH, deformation vibration. 

The discussion above allows the new assignments as given in Table 1. 


Conclusion 
Using a grinding technique, involving a wrist-type mortar, improved infra-red 
spectra of wool samples pressed in KBr disks can be obtained. In the literature 


(12) G. Emruicu and G. B. B. M. Surnertanp, Nature 172, 671 (1953). 
{13} H. Lewormant and R. Biovut, Bull. Soc. Chim. France 859 (1954). 
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A study of the infra-red spectra of wool fibres using the KBr disk technique 


Table 1. Assignments of new bands present in the infra-red spectrum 
of wool 


Band 
frequency Assignment 
(cm 1) 


2870 sym. CH, and CH, str. 

2800 2 CH, deform. 

570 (overlapped by antisym. C —— O str. 

15 yveriapped by intisym 
amide I band) 

1399 sym. C —— O str. 

1377 


377 sym. CH, deform. 
1342 CH deform. 


groups 


most attention has been given to the bands normally found in all protein materials, 
In this study the behaviour of some bands when wool samples are treated with 
certain chemicals has been investigated. This method of attack may lead to a 
better understanding and differentiation of the spectra of proteins. 

This grinding technique also makes possible the recording of well-resolved 


spectra of Terylene, cotton, rubber, Teflon and artificial resins. The method is also 


very suitable for extraction of substances from tough and elastic materials. 
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The determination of actinium and radium by the 
copper-spark spectrographic method 


F. T. Brrxs 


Atomic Energy Research Establishment, Harwell 


(Received 25 March 1960) 


Abstract—The copper-spark method is used to detect and measure actinium and radium in 
mixtures and in liquid wastes. The limits of detection are 0-02 wg of actinium and 0-003 yg of 
radium in about 0-05 ml of solution. With molybdenum as an internal standard, a coefficient 
of variation of 7 per cent is obtained for actinium determinations. 


Introduction 
ELEMENT 89, actinium, was discovered in 1899 by Desrerne [1], who extracted 
the 227-isotope from pitchblende. It occurs naturally as **7Ac in the uranium-235 
decay series and as **8Ac in the thorium-232 decay series. The amounts so formed 
are extremely small, for example in 300 tons of natural uranium in equilibrium 
with the disintegration products there are only 10 mg of **7Ac arising from the *°U, 
which presents a major problem in separation. An alternative method of preparing 
actinium is the irradiation of radium in a chain-reacting pile followed by the 
chemical separation of the parent radium from the **7Ac that is produced. 

In order that the separation and purification of the radium and actinium 
might be followed, analysis for these elements is necessary, particularly for small 
quantities of Ac that might be overlooked in residues. **7Ac decays in two ways, 
by f- or x-emission, and counting methods involve a ratio count of the /- to 
x-radiation using kick sorters, but high counting rates and the presence of impurity 
activities are troublesome. GLover et al. [2], however, have shown that it is 
possible to count the 1 per cent 4-94 MeV «-particles directly by the use of a kick 
sorter to differentiate alphas of other energies. A spectrographic method was 
developed that would provide positive identification of Ac and Ra and enable a 
quantitative estimation to be made. 


Development of method 

Since the amount of material available was very small and it was associated 
with considerable radioactivity, the copper-spark method of Frep et al. [3] with 
suitable modification for use under radioactive conditions [4] was considered to be 
the most suitable. 

There is little y-activity from freshly isolated actinium and protection against 
z- and f-emission is all that is necessary; however, y-activity rapidly increases 
when daughter elements accumulate and there is also a spread of contamination 


1] A. Desrerne, Compt. rend. 129, 593 (1899). 

2) K. M. Grover, A. B. Beapwe and F. J. G. Rogers, AERE C/R 2359 (1957). To be published. 
3) M. Frep, N. H. Nacurries and F. 8. Tomxurys, J. Opt. Soc. Am. 37, 279 (1947). 

4| F. T. Brexs, Spectrochim. Acta 8, 167 (1956). 
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around the dry box by the gaseous decay product radon-219. In the event of a 
leak from the box, monitoring of **’7Ac in the laboratory air is subject to a delay 
until z-emitting daughters can be measured. For these reasons and also to conserve 
actinium, a filter paper trap was inserted in the suction line which scavenged the 
air from the plastic spark-cassettes, and on completion of each series the paper was 
returned together with the cassettes for recovery of Ac. 

The range 2810-5000 A was selected on the Littrow spectrograph to include 
the published sensitive Ac and Ra wavelengths and to give information on other 
impurity elements. A few exposures were made on the range 2260-3000 A. 
An internal standard was provided for microphotometry by evaporating 2 ug 
of molybdenum on to each of a pair of copper electrodes before the actinium 


was added. The exposure conditions are summarized in Table 1. 


Table 1. Exposure conditions 


Spectrograph Hilger Quartz Littrow 

Wavelength range 2810-5000 A 

Fixed slit 

Source Fuessner spark, 30kV transformer, 16 A 


primary current 


0-02 uF capacity, no added inductance 


Spark gap 2 mm between }-in. copper electrodes 
Ole Exposure 30 sec 
16 Plate Ilford Ordinary, developed 5 min at 
20°C in D 19b diluted 1 : 2 
Emulsion calibration Fe/Fe exposure on 7-step 2 to 1 sector 


Radium was readily identified by its few strong emission lines [5]; 3814-4 in 
particular was extremely sensitive in the spark and this line was used as a 
qualitative identification of Ra in the early Ac samples. Later a pure Ra 
compound was prepared and a standard solution was made from this by weighing 


and counting, which was then used to prepare quantitative standards in the 


spark cassettes with molybdenum as internal standard. 
The published actinium lines |6, 7] were identified, but many other lines were 


found that could be assigned provisionally to Ac and some of these were used for 
the identification and measurement of Ac. Later publications by Meccerrs ef al. 
[8,9] confirmed this identification and have provided accurate wavelength 


measurements and classification of the lines. 

tussian workers [10] have measured impurities in actinium preparations in 
are and spark spectra by the use of a gallium internal standard. In the same 
paper they record the wavelengths of fifty-four actinium lines measured in their 


= 


spectra to the nearest 0-1 A. 


|5| M.JI.T. Wavelength Tables. John Wiley, New York (1939). 
[6] W. A. Lus, Compt. rend. 204, 1417 (1937); J. phys. radium 9, 366 (1938). 
[7] W. F. Meceers, M. Frep and F. 8. Tomkins, U.S. Atomic Energy Comm., Nuclear Sci. Abstr. 5 
5443, 5444 (1951). 
[8] W. F. Meaoerrs, M. Frep and F. 8. Tomxkuns, J. Research Natl. Bur. Standards 58, 297 (1957); R.P. 
2763. 
[9] W. F. Meccrrs, Spectrochim. Acta 10, 195 (1957). 
{10} N. I. and A. N. Razumovsku, Atomnaya Energ. 3, 548 (1957). 
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For the preparation of quantitative standards a sample of known actinium 
content was necessary. In the absence of a pure compound a solution was provided 
that had been standardized by counting, then diluted to give an appropriate 
standard range for the copper spark, but although a calibration was obtained with 
these dilutions it was later established that the original counting was in error and a 
correction factor was applied. When a pure sample became available it was then 
possible to isolate and weigh a pure dry compound from which standards could be 
prepared. This was done as follows. Actinium, purified by ion exchange, was 


| 


A 
M 


intensity 


Ac, #9 
Fig. 1. Intensity ratio Ac 3154-4/Mo 3132-6 Fig. 2. Intensity ratio Ac 3164°8/Mo 3132-6 
plotted against micrograms of Kr plotted against micrograms of Ac 


further purified by three precipitations as the oxalate by ammonium oxalate. 
The precipitate was washed to remove excess of ammonium oxalate, dried, then 
heated in vacuo overnight at 125—140°C to convert the actinium oxalate to car- 
bonate. It was weighed as the carbonate, then dissolved in HCl and made up to a 
standard volume from which aliquots were taken for use as spectrographic 
standards. A trace of calcium impurity, carried down on the oxalate precipitate, 
was estimated spectrographically and a correction was applied to the actinium 
content. The squares and triangles of Figs. | and 2 represent two independent 
preparations of actinium carbonate made in the above manner. 

Finally, a pure preparation was obtained that had been assayed within +10 
per cent by counting at the Radiochemical Centre, Amersham. Measurements of 
the spectra obtained from this standard are indicated by the crosses in Figs. | and 2 
and are in reasonable agreement with the measurements from the gravimetric 
standards. 

Results 

The limits of detection of the stronger lines are listed in Tables 2 and 3 together 
with possible interfering elements. The wavelength, classification and intensity 
data are those of Mecorrs et al. {8}. It was found that Ac II and particularly Ac I] 
were strong in the copper spark whereas Ac I lines were weak, and from these the 
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Table 2. Sensitive lines of actinium in the region 2260—5000 A 


Ac etectio 
Spark tion 


limit Interferences 


wavelength 
intensity 
(A) 


4720-16 400 0-3 U 4720-2 


ILL 4569-87 3000 0-02 U 4569-91, Mo 4570-13, background 

Ill 4413-09 2000 0-05 Strong Fe 4415-13, Th 4412-90, U 4413-14 
IL 4386-41 L000 0-06 

Il 4168-40 3000 0-06 

Il 4088-40 3000 0-3 U 4088-25 

Il 3863-12 2000 O-5 

I] 3565-59 L000 O-25 5 ug Fe 3565-38, Fe 3565-59 

Il 3489-53 200 0-3 

I] 3481-16 500 O15 Pd 3481-15, Zr 3481-15, Cr 3481-30 

Il 3417-77 500 0-1 Fe 3417-84 


III 3392-78 2000 0-02 Fe 3392-66 

Il 3260-91 500 0-02 Cd 3261-06 

Il 3164-81 200 0-2 V 3164-83 

Il 3154-41 600 0-1 10 we Fe 3154-21, Th 3154-26 
Il 3153-09 500 O15 U 3153-12, Fe 3153-21 

Il 3112-83 200 0-3 

Il 3078-07 100 0-3 Fe 3078-02, Cr 3077-83 

Il 3069-36 200 0-3 Ta 3069-24, Th 3069-26 

Il 3043-30 500 O15 Th 3043-25, Mn 3043-26 

Il 2994-17 200 Cr 2994-07, strong Fe 2994-43 
2952-55 2000 Eu 2952-68 

Ii] 2626-44 L000 Ni 2626-56, Fe 2626-50 


Table 3. Sensitive lines of gadium in the region 2800-5000 A 


Ra Discharge Detection 
limit Interferences 


wavelength tube 


(A) intensity (wa) 


{825-01 


I] 4682-28 800 0-3 V 4682-33, Co 4682-38 

Il 4533-11 300 l Ti 4533-24 

Il 4340-64 Bi 4340-59, Mo 4340-75 

Il 3814-42 2000 0-003 Fe 3814-52 

Il 3649-55 L000 | Fe 3649-51, U 3649-73 

Il 2836-46 25 l Cr 2836-48, Fe 2836-51. V 2836-52 


lines given in Table 4 were selected for measurement against the Mo internal 


standard. 
A 10-see d.c. are exposure on copper electrodes in the range 2640-4200 showed 


only Ac II lines; Ac III lines that are strong in the spark were absent and Ac | 


lines also were not detected. 


Since very little Ac was available at first and the identification of some of the 


lines was uncertain, as much information as possible was obtained from the plates 


by measuring all of the line pairs given in Table 4 for each sample spectrum. 


AC we ‘ 
= 
2 4 
A 
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By this procedure an assessment could be made of the reliability of individual 
line pairs. The intensity ratios, corrected for line backgrounds, are shown plotted 
in Figs. | and 2 against micrograms of actinium. The circles represent a single 
determination in each case. 

When the second series of standards was measured a change in slope was 
found for some of the calibrations. However, for two of the intensity ratios, 


Table 4. Line pairs used for analysis 
Coefficient 
Element Molybdenum Range 
calibration of variation 
\ (A) iA (° ) 


II 3154-4 3132-6 3178-0 50 
4569-9 3903-0 3006-5 
II 3112 3152-6 3178-0 


I 
I 
I 
If 3164 1 3170-3 3178-0 
I 
I 
I 


II 3164 3132-6 3178-0 
Ll 3417 3170-3 3178-0 
Il 3481-: 3170-3 3178-0 


I 4825-9 3903-0 4315-1 
II 3814-4 3688-3 3753-6 


fea 


intensity rot 


Fig. 3. Intensity ratio Ra 4825-9/Mo 3903-0 plotted against micrograms of Ra, 


viz. Ac 3154-4/Mo 3132-6 and Ac 3164-8/Mo 3132-6, the slopes were unchanged. 
The second standards are represented by the squares on Figs. | and 2, and each is 
the mean of two determinations. Since these ratios also gave the best repro- 
ducibility figures (Table 4) they are recommended for the quantitative deter- 
mination of actinium. 

Fig. 3 shows the intensity ratio Ra 4825-9/Mo 3903-0 plotted against 
micrograms of radium. This calibration was used to determine Ra in actinium 
and in wastes, but for smaller concentrations a visual estimate was made using 


1020 


7 
A 7 
A 
Ae 11 
Ac 0-340 8 
Ae 5 0-3-50 8 
0-340 12 
Ag 
Ra 0-44 0-1-50 
| 1064 
| 
= | 
: I. 
| 
|| 


The determination of actinium and radium by the copper-spark spectrographic method 


the more sensitive Ra 3814-4. No interference on the Ra 3814-4 line was found 
from 100 ug of Ae by the lines Ac I 3814-4 and Ac II 3814-8 that are listed by 
MEGGERS [8]. 
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this paper. 
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Abstract Some spectroscopic calculations are reported for the cyclopropane and cyclopropane- 
d, molecules. The normal frequencies are estimated from given fundamentals by means of 
approximate anharmonicity constants. A set of force constants calculated from these data is 


given, as well as the corresponding L-matrices (normal co-ordinate transformation matrices) 
tor the mentioned molecules. 
Introduction 

(CYCLOPROPANE molecules have been subjected to many spectroscopic investigations, 
some of the most recent ones being reported by Suva [1], Baker and Lorp [2], 
Gé~raarp et al. [3], and Marna ef al. [4] In the course of the calculations of 
mean amplitudes of vibration [5] for cyclopropane {6}, it was necessary to perform 
a recalculation of the force constants of this molecule, as well as the normal 
co-ordinate transformation matrix (L). This work has been performed 
simultaneously with anelectron-diffraction investigation of cyclopropane, conducted 
by BasTIaANsEN ef al. [7] The most recent data available from this investigation 
for the equilibrium parameters of cyclopropane have been adopted in the present 


work, and are given below. 
C—H, R = 1-089 A 
Cc—C, D = 1-509 A 
CCH, B 113-64 


The corresponding HCH angle is 24 124-84°. It is believed that the final 
results from the refined electron-diffraction analysis will not differ significantly 
from these values. The observed fundamental frequencies used in the present 
calculations are partially taken from reference |2] (infra-red data for the gaseous 
state and some Raman data for the liquid phase), and from reference |4] (Raman 
data for the gaseous state). The frequencies of both C,H, and C,D, are utilized. 

A vibrational analysis including the calculations of the force constants for 
cyclopropane, have been given previously by GinTHarp ef al. [3] Apart from the 
differences caused by various choices of co-ordinates, the force constants of 
GisTHarp et al., and those of the present work, still differ for the following 


1) S. P. Sovma, J. Chem. Phys 18, 217 (1950 

2| A. W. Baker and R. C. Lorp, J. Chem. Phys. 23, 1636 (1955 

3\ H. H. Giwrnarp, R. C. Lorp and T. K. McCussiy, Jr., J. Chem. Phys. 25, 768 (1956). 
4) P. M. Marna, G. G. Suernerp and H. L. Can. J. Phys. 34, 1448 (1956). 

5) 8. J. Kel. Norake lenskab. Selskabs Skrifter No. 2 (1959). 

6! O. BasTIANSEN and 8. J. Cyvrx. Acta Chem. Scand 1l, 1789 1957). 

A. ALmennincen, O. Bastiansenx, L. Fernnout and P. N. Skancke. Unpublished 
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reasons: (a) The calculations of the mentioned paper [3] are based cn liquid-phase 
fundamentals. In the present work, the fundamentals for the gaseous state are 
used when available. (b) Slightly different approximations have been assumed by 
the estimations of anharmonicity constants in the two cases. (c) The equilibrium 
data here reported are newer and somewhat different from those used by GiénTHaRD 
et al., viz. R ios A. D 1-535 A. 2A 118°. (d) Somewhat different 
approximations have been introduced in the reducing of the number of unknown 
force constants. 


Table 1. Product rule for the frequencies of cyclopropane and cyclopropane-d,.*+ 


Frequency Observed Theoretical 
Species 
nos. [I(v,/v,7) II (w,/,*) 


1-3587 1-3898 
2,3 (1-4380) 1-4380 


1-2381) 1-2424 


8 1-3898 
9,10,11 ‘8775 1-9010 


4054) 1-4137 


“3283 1-3379 
-3909 1-3968 


1-3234 
13,14 (1-7373) 


+ Figures in parentheses involve calculated fundamental frequencies. 


Estimation of the normal frequencies 
The normal frequencies (m) were computed from the fundamentals (vy) by means 
of approximately estimated anharmonicity constants (2), following the method 
proposed by Dennison [8]. The anharmonicity constants are defined by the 
equation vy, = (1 — x,)m,. Let the quantities for the deuterated molecule (C,D,) 
be identified by an asterisk. If the approximate assumption 


(1) 


is made, one finds |8, 9] 


(o, w,*) IT x,\/( (2) 


The observed and theoretical product rule ratios are given in Table 1. Notice that 


the C—H and C—D stretching frequencies are separated from the remaining 
frequencies in each of the species A,’, FE’, A,” and 2”. 

The adopted numbering of frequencies is the same as that of the papers 
of Lorp et al. [2, 3) 


8] D. M. Dennison, Revs. Modern Phys. 12, 175 (1940). 
{9} G. E, Hansen and D, M. Dennison, J. Chem. Phys. 20, 313 (1952). 
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The C—H and C—D stretching frequencies Mg, 42) 


The high frequencies for the C—H and C—D stretchings were separated from 
the lower frequencies according to the method developed by Winson ef al. [10, 11] 
Hence equations (1) and (2) were sufficient for the determination of the normal 


frequencies and together with the respective anharmonicity constants. 


The results are given in Table 2. 


The lower frequencies of species Ay’ (a , sg) 

For the (,D, frequencies of this species the Raman data for the liquid phase 
had to be used, because of the lack of gas frequencies. The literature |2] contains 
also a value for the »,* frequency, viz. 1270 em~!, which is corrected for Fermi 
resonance. Together with this value, the separated product rule for », and r, 
(ef. Table 1) is almost accurately fulfilled. In the present computations both of the 
anharmonicity constants were assumed exactly equal to zero, and the value 
1278-1 em~! for »,* was calculated. 


The lowe r fre que ney of spe che s A 
The given values of x and » (Table 2) for the lower frequency of the species A," 
both in C,H, and C,D, were calculated without further assumptions. 


The lower fre que neies of spe cies 3, M44) 

Here again the Raman data for liquid C,D, had to be used. The anharmonicity 
constants x,, and x,, were assumed as given in Table 2, according to the experience 
that they usually are positive and increase with increasing frequencies [9]. 
The frequencies »,* and v, of the species A,” were used as a guide for this purpose. 
The calculated value 956-8 em~ for v,,* may be accepted in spite of the reported 
value 835 em~' [2]. This frequency has been estimated from a combination band 
and is rather doubtful. 


The lower frequencies of species (my, 

The x,,* anharmonicity constant was assumed equal to 2,, because of the 
approximately equal magnitudes of the respective frequencies. With the additional 
assumption of 2,9* 0-01800 all the desired quantities could be calculated, and 


are found in Table 2. 


Species A,’ and A," containing one frequency each (5, 4) 

The x, anharmonicity constant, corresponding to the CH, wagging frequency 
of species A,’, was assumed equal to x,9* = 0-01800. At the same time it appeared 
to have the same order of magnitude as the anharmonicity constant 2,,, corre- 
sponding to a frequency which also has been assigned to CH, wagging. As for 
the A,” species, the assumption 2, = x,; = 0-02000 was made, where 2, corre- 


sponds to a frequency having been assigned to CH, twisting. The calculated 


10! E. B. Wurson, Jr., J. Chem. Phys. 9, 76 (1941). 
111 E. B. Wutsow, Jr.. J. C. Deecrvs and P. C. Cross, Molecular Vibrations. McGraw Hill, London 


(1955). 
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Table 2. Fundamentals (yr), anharmonicity constants (7), and normal frequencies («) 


for cyclopropane and cyclopropane-d, 


Cyclopropane, 


) x* (em *) 


Species No. Description 
v(em 


A, CH stretching 3038-0 O-O7975 3301-3 
3 {ing deformation L188-0+ 1188-0 
CH, deformation 1479 + -OOOOOS 1479 


CH, wagging 963 +t -OLSO0S 980-7 


CH stretching 3028-1+ 0-05246 3195-7 
10 Ring deformation 1028-72 0-020884 1050-6 


9 CH, deformation 1441-8? 0-02457 1478-1 
CH, wagging 868-52 0-01785" 884-3 


CH, twisting 1132-5+ 0-020008 1155-6 


3102-9% 0-02856 3194-1 
0-01482 866-9 


CH stretching 
7 CH, rocking 


CH stretching 3082-2+ 0-04305 3220-8 
13 CH, twisting L188-0F 0-020008 1212-2 
CH, rocking T38-8F O-O14808 749-9 


Cy clopropane- 


Species No. Description 1 


l 


ricm 


A, l CD stretching 22367 0-05870 2375-4 
3 ting deformation 9562 0-000004 956 
1278-1] 


x 


CD, deformation 278: 


CD, wagging 0-01454¢ 789-3 


CD stretching 2211-4? 0-03831 2299-5 


10 Ring deformation 886-97 0-O01800§ 903-2 
9 CD, deformation 1074-32 0-01831 1094-3 


CD, wagging 720-14 0-014808 730-9 


A,’ 4 CD, twisting 0-01423¢ S17-5 


CD stretching 23362 0-02150 2387-3 
7 CD, rocking 614% 0-0 1066 620-6 


CD stretching 23297 0-03253 2407-3 


13 CD, twisting 956-8" 972-5 
CD, rocking 5287 0-01058" 533-6 


* From approximate computations. All of the reported decimals are not significant. 
Reference 

veference 2). 
Assumed, 
Calculated. 
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fundamental 805-8 em! for »,* is quite compatible with the reported value 
800 em=! [2], as estimated from a combination band. 


Symmetry co-ordinates 
The force-constant calculations which are going to be reported, are based on a 
set of symmetry co-ordinates, specified in the following. 
2(d, 
RD)? 
V/2(2y, 
*(2d, 
— 
27RD) 
V/2(2y, 
6-82 RD)? 2 + 95) 
2-4 — &5) (3) 


This is a complete set of symmetry co-ordinates for the cyclopropane molecular 
model of symmetry D,,. The co-ordinates which contain angle deformations have 
been multiplied by the constant (RD)'?. Here R and D denote the equilibrium 
bond lengths of C—H (or C—D) and C—C, respectively. The notation used for the 


various types of displacement co-ordinates is as follows (¢ 1, 2, 3): 


(—H (or C—D) stretching co-ordinates for the bonds above the horizontal 
plane (o,). 
C—H (or (—D) stretching for the bonds below o,,. 
stretching co-ordinates. 
CH, (CD,) deformation. 
CH, (CD,) wagging. 
H, (CD,) twisting. 
H, (CD,) rocking. 
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Following Winson et al. [11], the four types of angle deformation co-ordinates 
aie have been constructed in the following way. 
: (4) 
. Here the «'s denote the various CCH (CCD) angle displacements. 
Table 3. Force constants of the symmetrized F-matrix 
S,(A,’) S,(A,’) S3(A,’) S(A,’) 
39500 O-32655 
0-60922 
0-48749 


S,(E’) 


0-16327 00-5090 
O-61795 0-0443 
070958 


S(A,”) S,(A, 


1 1 ) S,(4,”) 


> 


0-96038 


0-02652 


0-60731 0-08777 


* Assumed. 


Force constants 


The normal frequencies (@) given in Table 2 were used for determining the 


force constants of cyclopropane molecules. By these calculations, the approximate 


separations of the C—H and (—D frequencies were carried through, except for 


the species A,”. 
In the course of the force-constant calculations, one preferable set was easily 


selected from the different solutions of the quadratic equations involved in the 


calculations. 


S pe cies A . 


The approximate separations of the C—H and C—D stretching frequencies 


involve the assumption of two interaction constants, viz. F,,(A,’) and F,,(A,’) 


equal to zero. All the remaining force constants of this species could be calculated 
from the normal frequencies of both C,H, and C,D,. The result is given in Table 3. 
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S(E’) SE’) 
1960 
S(A,’) 
0-22223 
S,(E”) S,(E”) 
S,(E”) 54411 = 
0-19728 


Table 4. Force constants based on the r, 


J. Cyvin~ 


d, and & co-ordinates 


Description * 


CH stretching 
H—CH 
H...CH interaction 
H...CH mteraction 


interaction 


CCU stretching 
CCU mteraction 
CCU mteraction 


CCU mteraction 


CH, deformation 
‘H, def....CH, det 
H, wagying 
wagy 
CH, twisting 
‘H, twist CH, twist 
CH, rocking 
"H, rock ( H, rock 
H, let CH, wagy 
'H, twist CH, rock 


CH, wagg 


CH str 

CH str 

( wagrg 
CH. wagg 
( CH, twist 
( CH, rock 
CH str....CH, rock 


* For 
= (RD 
* From 


assumed alues. 


This 


ulated for the C,H, molecule 


Value 


Co-ordinate pair? 
“a (mdyne A 


1) 


56979 
O-2S8580 
0-05100 
0-07999 
4.2208 
0-13542 
0; 


0O-61504 
0-00291 


PSiPSi 
PoiPs2 
0-63555 
0-07403 
72500 
0-20560 


ph, 
p49, 
Po 
pe pee 0-00832 
O-O02558 
0-05067 


0: 

+ 
0-16327 
0* 

7 
0-29387 
0: 


Throughout this column the H symbols may be replaced by D. 


species contains only one symmetry co-ordinate, the corresponding force 


constant being included in Table 3. 


S pe cies E' 


The separations of the C 


H and C 


D stretching frequencies of this species 


gave the value for F,,(£’) listed in Table 3. and three interaction force constants 


equal to zero 


For the six remaining force constants, five independent equations 


(two of the first degree two of the second degree, and one of the third degree) were 


available 
was made, namely 


To decrease the number of unknowns, only one additional assumption 


Sar (5) 


> 


This is the interaction constant for a CH, (or CD,) deformation and the stretching 


| 
ry? 
d 
dd, 
CH 
ryt, 
{ 
PS 
] € 
PSe 
ry 1 0¢ 
| 
rpc. 
4 


Force constants and normal co-ordinates of cyclopropane molecules 


Table 5. Tabulation of the L-matrix elements (atomic mass units)~!/2 


Cy clopropane, ( 


Q;(A,’) Q(A,’) 


0-42651 
S ( 1, ) 025840 1-4523 


11-0779 


OE’) Q,(E’) Q,(E’) 


L-O137 0 0 0 

0 0-12365 0-057633 0-32276 
SE ) 0 0-064846 1-4485 0-0019874 
11-0003 0-032289 0-020045 


0-90495 
S,(A.”) 1-0596 0-0021769 
0-O87113 1-4114 


1-0596 0 0 
S,(E") 0 0-79001 0-58649 
S,(E*) 0 1-2576 1-0904 


Cy clopropane-d, 


Q,(Ay’) 


A 0-72943 
S,(A,’) 0 0-16607 0-45339 
S.(A,’) 0 0-75516 0-79568 


0-86754 


0 
0-30195 0-13377 0-10814 
SAE’) 0 0-20627 1-0432 0-041479 
0-55241 0-070012 0-53164 


0-64014 
S,(A,”) 0-79199 0-O0014717 
0-1223) 1-0101 


Q(B”) Q(B”) Q,(E") 


0-79199 0 0 
Sol EB’) 0 0-59600 0-43379 
S,(E") 0 1-0766 0-74803 
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of the opposite C—C bond.+ Hence the force constant F,,(E£’) could be obtained 
according to 

F,,(E’) = —}F,,;(A,') (6) 
The values of the remaining five constants, viz. FE’), 
and F,,(2’), were evaluated by a laborious iteration process started with 
F,,(E’) = 0. The final results are found in Table 3. 


1 
This species contains only one symmetry co-ordinate, and the respective force 


S pe ci A 


constant given in Table 3. 


S pe cies A Ry 


The normal frequencies for both C,H, and C,D, supply sufficient information 


for determining all the force constants of this species. For the numerical results, 
see Table 3. 

If the separation of the C—H or C—D frequency is carried out also in this 
species, the following force constants (in mdyn A~') are obtained: 


53513, (As 0 (assumed) 
The very good agreement with the more rigorous values included in Table 3 leads 
one to believe with confidence that the approximate separations of the high 


frequencies in the other cases (i.e. in species A,’, 2’ and EF") are justified as well. 


Species 
Here again the force constants could be determined from the C,H, and C,D, 
normal frequencies, after separation of the high frequencies. For the numerical 
results, see Table 3. 
Furthe) computations 
The force constants based on the initially chosen set of internal co-ordinates 
(i.e. the r, d, and co-ordinates) are linearly dependent on the force constants 
of the symmetrized potential-energy matrix (Table 3). Their numerical values 
are listed in Table 4. Also the force constants involving the CCH (CCD) angle 
displacements « of equations (4) may be calculated. For the principal CCH (CCD) 
bending constant the value f, 0-54530 mdyn A~! has been found.§ 


Normal co-ordinates 
The elements of the L-matrix will be given, this matrix connecting the chosen 
symmetry co-ordinates (3) and the normal co-ordinates, according to the matrix 


equation S= LQ (7) 


The L-matrix elements have been determined by the standard method of the 
characteristic vectors of the GF-matrix |10, 11], and their numerical values both 
for C,H, and C,D, are listed in Table 5. 


orresponding term of the harmonic potential energy function is (RD)'!? far (4,7, d.v / 


t «of 


solutions was not quite obviously the most preferable one. The 


his case t chosen sé 
following set of three force constants (in mdyn A~') seems also to possess reliable values: 
O-38811, FF O-20029, k 0-02356 


§ The corresponding term of the harmonic potential energy function is }RDf,Ua,,*; ¢, ) 
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Die Schiiler’sche Hohlkathode als Lichtquelle 
fiir Starkeffektuntersuchungen 


H. MuNTENBRUCH 
Institut fiir Experimentalphysik der Universitat Kiel 


(Received 26 April 1960) 


Abstract—A cylindrical hollow cathode, closed in front, but for a small slot, allows observation 
of line broadening and line shift due to electrical fields between the most luminous discharge in 
the centre of the slot and the surrounding walls. It has been shown that these fields are never 
homogeneous, either in the case of a deep- or in the case of a thin-walled slot. Therefore 
when a hollow cathode is used, single Stark components of spectral lines cannot be observed. 
On the other hand, the mean field strength in the space-charge region can easily be calculated 
from geometry, and integrated values for the Stark effect constants can be obtained from the 
shift of the intensity centre of the lines. Values for Zn lines obtained in this way have been 


given. 

Einleitung 
Der seit Pascnen [1,2] bekannte “Hohlkathodeneffekt’ kennzeichnet eine 
Erscheinung, die bei Kathoden mit konkaven Oberflichenteilen auftritt. Nach 
volistindiger Bedeckung mit negativem Glimmlicht steigt bei weiterer Stromer- 
héhung, also im anomalen Kathodenfall, die Spannung (der Kathodenfall) nicht, 


oder wenigstens nicht in dem Masse, wie dies bei vergleichbaren planen oder 
konvexen Kathodenoberflichen beobachtet wird. Das Glimmlicht zieht sich 
dann in den Héhlungen zu Leuchterscheinungen hoher Intensitaét zusammen. 
Damit wird die Hohlkathodenentladung zu einer spektroskopisch besonders 


interessanten Lichtquelle. 

Gibt man der Hohlkathode eine solche Form und wihlt den Druck so. dass der 
Glimmsaum der Kathodenoberfliche besonders nahe riickt. so ist im Kathoden- 
fallraum eine hohe elektrische Feldstirke zu erwarten [3], die u.U. zu Starkeffekten 
Anlass geben kann. 

Das Auftreten von Starkeffekt-Verschiebungen oder-Aufspaltungen im 
elektrischen Feld, das den Kathodenfall begleitet, ist zuerst von Lo Surdo 
beobachtet worden. Auch die Hohlkathode entspricht einer Lo Surdo-Anordnung, 
wenn auch in etwas ungewohnlicher Weise. 

Die Méglichkeit, mit Hilfe der Hohlkathode Starkeffektuntersuchungen 
durchzufiihren ist wohl nur einmal von OLBERs [4] aufgegriffen worden. 

In der vorliegenden Arbeit sollte nun gepriift werden, in wie weit die Schiilersche 
Anordnung allgemein zur Untersuchung von Starkeffekten eingesetzt werden kann. 


1] F. Pascnen, Ann. phys. 50, 901 (1916). 
2} F. PascnHen, Ann. phys. 71, 142 (1923) 


3) H. ScutLer, Z. Physik. 35, 323 (1926) 
4) W. OLBERs, Ann. phys. 33, 708 (1938). 
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Experimentelles 

Versuchsanordn ung 

Das Entladungsrohr wurde—mit einigen Abainderungen—nach den Angaben 
von Ler [3] konstruiert. 

Als Anode diente ein wassergekiihlter Messinghohlzylinder, den an einem Ende 
ein Quarzfenster abschloss. Zum genaueren Studium der Entladung war in der 
Anodenwand ausserdem ein Seitenfenster angebracht. 

Die Kathode bestand aus einem Eisenzylinder, der von einem diinnwandigen 
Eisenrohr getragen wurde. Sie war von einem Quarzrohr umgeben, welches das 
Ansetzen der Entladung an den Kathodenaussenwiinden verhinderte. Die 
Durchfiihrung der Kathode durch die Endplatte des Entladungsrohres war mit 
einer Wasserkiihlung versehen. Die Kathode konnte mit Metallstiickchen gefillt 
und vorn durch eine auswechselbare Frontplatte verschlossen werden, die bei den 


einzelnen Versuchen mit einer jeweils anders geformten Offnung versehen war. 


Kathode und Anode waren durch einen Glaszylinder zu einem geschlossenen 
Entladungsrohr zusammengefiigt. Es bestand die Méglichkeit, Wasserstoff oder 
andere Gase auf verschiedene Weise in das Entladungsrohr einstrémen zu lassen, 
u.a. auch durch das Innere der Kathode. 


Ein Vakuumsystem, das aus Vorpumpe und mehrstufiger Quecksilberdampfdiffusionspumpe 
bestand, gestattete es, das Entladungsrohr in kurzer Zeit zu evakuieren. Mit der Quecksilber- 
pumpe konnte das Gas im Entladungsfefiiss auch umgewialzt werden. Der Druck war an einem 
Oelmanometer mit ;'5 Torr Genauigkeit abzulesen. Bei niedrigeren Drucken diente die Entla- 
dung selbst als Manometer zur Herstellung vergleichbarer Entladungsbedingungen. 

Als Spannungsquelle wurde ein Gleichrichter benutzt, der bei 4,4 kV Spannung eine Stroment- 
nahme von 300 mA gestattete. Ein Stabilisator mit Impulssendepentoden wirkte als stufenlos 
regelbarer Vorwiderstand. Dieser Stabilisator hielt den Strom durch das Entladungsrohr bei 
Spannungen von 0 bis 3000 V uber dem Rohr in einem Regelbereich von 35 bis 300 mA nahezu 
konstant 

Ausserdem bestand die Mdglichkeit, dem Entladungsrohr eine Kondensatorenbatterie 
parallel zu schalten, so dass die Entladung mit Impulsen von 4,4 kV Spannung betrieben werden 
konnté 

Der optische Teil der Versuchsanordnung bestand im wesentlichen aus einem Hilger-Spektro- 
graphen E 478, auf dessen Npalt die Gasentladung mit einer Quarzlinse im Verhiltnis 2:1 
vergroéssert abgebildet wurde. Bei 2500 A betrug die Dispersion ca. 2,6 A/mm. Als Aufnahme- 
material dienten vorzugsweise Perutz Spektralplatten 450 (blau), Ilford thin-film half-tone 
plates (N 50) und Gevaert Scientia 67 A 50. Die Platten mussten vorbelichtet werden. 


2. Entwicklung einer geeigneten Kathode 

Das erste Ziel der Experimente musste sein, einen Kathodentyp zu finden, 
der méglichst weitgehend die Forderungen nach grosser Intensitit des negativen 
Glimmlichts und starken elektrischen Feldern erfiillte und ausserdem Unter- 
suchungen in Metalldimpfen erlaubte. Entsprechend dem Vorgehen von ScHtLer 
3] sollte zuniichst mit Zink gearbeitet werden. 

Beobachtungen durch das Seitenfenster im Entladungsrohr zeigten, dass es 
nicht notig ist, die Kathode von vorn isoliert abzudecken (wie dies bei OLBERs | 4] 
geschah), da bei geniigend niedrigen Drucken (Gréssenordnung 1—;'5 Torr) die 
Entladung nicht mehr aussen auf der Frontplatte ansetzt. 
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Die Schiiler’sche Hohlkathode als Lichtquelle fiir Starkeffektuntersuchungen 


Die Wahl einer geeigneten Frontplatte beziiglich des Werkstoffes, der Form 
und der Stellung der Offnung machte umfangreiche Versuchsserien notig. 

Verschiedene Stahlsorten, Reinnickel, Molybdiin, Kohle und Kombinationen 
dieser Materialien (z.B. Kohle- und Stahlplatten mit Nickel- oder Molybdinbacken) 
wurden gepriift. Ebenso wurde der Untersuchung von Lochstellung und -quer- 
schnitt grosse Aufmerksamkeit gewidmet. 

Die von ScuiLer [3] als besonders giinstig hervorgehobene Schlitzform war 


anscheinend nur von den damaligen experimentellen Bediirfnissen bestimmt.* 
Auch OvBers [4] war schon von dieser Form der Offnung abgewichen. Am besten 
bewihrten sich Kohle-Frontplatten mit den beiden Offnungsquerschnitten, die 


in Abb. 1 dargestellt sind. Gelegentlich waren aber auch andere Materialien 
niitzlich. 


_- Spalt — 


Abb. 1. Zwei besonders geeignete Formen fiir die Oftnung in der Frontplatte vor der 
Hohlkathode. Gestrichelt ist die Lage des Spektrographenspaltes relativ zum Bild der 
Leuchterscheinung angegeben. 


3. Aufnahmetechnik 

Die spektrographischen Aufnahmen wurden so gemacht, dass die Entladung 
mit Wasserstoff bei einem Druck von ca. 20 Torr geziindet wurde. Das Kohle- 
material der Frontplatte gaste betrichtlich, und die Wasserstoff-Fiillung des 
Entladungsrohres wurde deshalb éfters ersetzt. Dann wurde bis ca. 0.5 Torr 
evakuiert, wobei die Spannung auf 2000 V stieg. Der Strom wurde auf 70-80 mA 
einreguliert. Mit dieser Leistung von 150 W (die praktisch im Kathodenfall 
umgesetzt wurde) konnte die Kathode aufgeheizt werden, bis nach etwa } Stunde 
der Schmelzpunkt von Zink erreicht war. Auch wihrend dieser Zeit wurde 
mehrfach das Fiillgas erneuert. So konnte auf eine Fremdheizung verzichtet 
werden, wie sie von Scu(@Ler [3] und auch hier in Vorversuchen benutzt wurde. 
Ausserdem war eine geniigende Entgasuny gewiihrleistet 

Das beginnende Verdampfen von Zink kiindigte sich durch ziemlich unver- 
mittelten Zusammenbruch der Spannung an (der Stabilisator hielt den Strom 
konstant). Plétzliche Stromerhéhung konnte dann einen Umschlag der Entla- 
dungsform von der normalen Glimmentladung in die spezielle Form der 
Hohlkathodenentladung erzwingen. 

In einer Serie von Aufnahmen liess sich dann der zeitliche Verlauf des 


* Die Entladung bevorzugte die verbreiterte Mitte des Schlitzes, da der Kanal sich dort mit kreis 
formigem Querschnitt ausbilden konnte. Damit war die Entladung in der Mitte des Schlitzes fixiert. 
wahrend sie sonst leicht zwischen den beiden Schlitzenden hin- und he rsprang. Die exzentrische Anord- 
nung bei Schiiler ist wohl nur wegen des Einbringens eines Eisentroges in die Kathode vorgenommen 
worden. 
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H. MUNTENBRUCH 


Entladungsvorganges weiter verfolgen: Die Spannung, die nach dem Umschlag 
in die Hohlkathodenentladung auf 450 V zusammengebrochen war, stieg schnell 
auf 600 V (Phase 1). Dabei war stets eine deutliche Getterwirkung zu beobachten. 
Die Entladung reinigte sich selbst von Wasserstoffresten. Die Spannung stieg 
weiter langsam auf 900 V (Phase 2). Dabei sank der Druck noch weiter, so dass 
das Olmanometer keinen messbaren Wasserstoffdruck mehr anzeigte. Dieser 
Zustand blieb nun konstant, solange noch Zink in der Kathode war. Spektral- 
aufnahmen wihrend dieses Zeitraumes zeigen stindig abnehmenden Banden- und 
Fremdlinien-Untergrund. 

Dass der Wasserstoffdruck sehr niedrig war, konnte man daran erkennen, 
dass nach } bis } Stunden das Fenster des Entladungsrohres so bedampft war, 
dass kaum noch Licht hindurch drang (Abstand von der Kathode: 20cm). 
Das Fenster was dann mit einem mattgrauen Belag itiberzogen. In diesem 
Brennstadium liessen sich mit der Quecksilberdampfdiffusionspumpe auch die 
letzten Gasreste entfernen, ohne dass die Stabilitat der Entladung darunter 
litt (Phase 3). Andere vor das Fenster gebrachte Quarzschutzgliser* bedampften 
nun aber in 5-10 Minuten vollig und wiesen dann einen einwandfreien Zinkspiegel 
auf. In dieser Phase die mehrere Stunden bei konstantem Strom und konstanter 
Spannung aufrecht erhalten werden konnte. wurden die ausgewerteten Aufnahmen 
gemacht, sie zeigen fast keinen Untergrund. 

Nach Bedampfen aller Fenster war die Belichtungsméglichkeit fiir weitere 
Aufnahmen erschépft. Die Belichtungszeit der auswertbaren Aufnahmen variierte 


zwischen } und | Stunde. 


Starkeffektuntersuchungen 


Der Auswertung der Aufnahmen mit dem Ziel einer quantitativen Ausmessung 
der Linienaufspaltungen und -verschiebungen standen manche Hindernisse 
entgegen. 

(a) Die Aufspaltungsbilder sind auch auf den besten Aufnahmen verschwommen. 


Einzelne Komponenten konnten in keinem Fall beobachtet werden. Als Grund 
hierfiir kamen zeitliche bzw. értliche Anderungen der Feldstarke in Betracht. 

I'm -eitliche Feldstirkeinderungen zu vermeiden, war eine extrem lange 
Kinbrennzeit der Entladung eingehalten worden. Strom und Spannung blieben 
wiihrend der ganzen Belichtungsdauer konstant. Letztere konnte nicht herab- 


vesetzt werden, da optisch schon die Grenze des Méglichen erreicht war. 
Abbranderscheinungen an den Frontplatten waren durch Wahl niedriger 
Stromstirke praktisch vermieden. 

Es blieb dann noch die Aufgabe, die drtliche Anderung des Feldes zu unter- 
suchen. ScuiLer [3] hatte schon darauf hingewiesen, dass moglicherweise der 
wesentliche Teil des Leuchtens am vorderen und hinteren Rand der Kathoden- 
frontplatte lokalisiert ware. 

Umfangreiche Vorversuche hatten die Vermutung noch verstirkt, dass das 
negative Glimmlicht in der Frontplattenéffnung veschichtet wire, wie dies bei 


* Zur Verlangerung der Belichtungszeit war eme heibe mit fiinf Quarzschutzglasern konstruiert 
worden, die im Vakuum vor dem ausseren Fenster nach und nach vorbeigedreht werden konnte. 
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Abb. 2. In der Offnung einer dicken 
besonders auffallig eine geschichtete 
Druck 3 Torr; (b) Entladung in Wasserstoff, Druck 6 Torr; (c¢) Entladung in Zinkdampf; 
Wasserstoff-Druck 0,1 Torr. Absichtlich wurde die Entladung so lange unterhalten, 
die Struktur der geschichteten Entladung in die Frontplatte einbrannte. 
Frontplatte sind die Verhaltnisse sowieso inhomogen. 


Frontplatte vor der Hohlkathode bildet sich 
Entladung aus. (a) Entladung in Wasserstoff. 


dass sich 
Bei einer diinnen 
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Die Schiiler’sche Hohlkathode als Lichtquelle fiir Starkeffektuntersuchungen 


Versuchen mit grossen Lochquerschnitten einwandfrei beobachtet werden konnte. 
Dies zeigte sich deutlich bei Verwendung dickerer Frontplatten. Eisenfrontplatten 
von 5 und 10mm Dicke [Abb. 2(a), (b), (c)] liessen deutlich die Struktur des 
“Kanal” -Leuchtens erkennen. 

Auch Verringerung der Frontplattendicke brachte hinsichtlich der Scharfe der 
Aufspaltungsbilder keine Besserung, sondern hatte nur eine Abnahme der 
Intensitait zur Folge. 

Es erwies sich also deutlich, dass das Leuchten értlich nicht einheitlich sondern 
geschichtet ist. Diese Schichtung wird von Mechanismen der Entladung bestimmt, 
in die wesentliche Eingriffe von aussen nicht gelangen. 

Die Aufspaltungsbilder der Spektrallinien sind also mit der benutzten Methode 
nicht schirfer zu erhalten,* denn Schwankungen der Feldstirke entlang der 
optischen Achse im ‘‘Kanal” lassen sich prinzipiell nicht vermeiden. Damit 
ergibt sich: 


Die Hohlkathodenmethode ist zwar geeignet, einen Uberblick iiber die Starkeffekt- 
verschiebungen der Linienschwerpunkte zu geben, nicht aber, genaue Messungen von 


Starkeffektkonstanten an einzelnen Komponenten vorzunehmen. 


(b) Die Bestimmung der Feldstirke sollte urspriinglich so vorgenommen werden, 
dass durch Beibehalten eines gewissen Wasserstoffdruckes im Entladungsgefiiss 
gleichzeitig an einigen Zinklinien und an H, oder H,, die Aufspaltung gemessen 
werden konnte. Andere Zinklinien hitten dann angeschlossen werden kénnen. 


ve 
16 In aihnlicher Weise ging OLBERs [4] vor. Experimentell machte diese Methode 
1060 jedoch grosse Schwierigkeiten, insbesondere wegen der Getterwirkung des Zink- 


dampfes, sodass praktisch die Wasserstoff- und die Zinklinien nicht gleichzeitig 
erhalten werden konnten. Indessen wurde ein anderer Weg gefunden, der bei den 
stets vorhandenen 6rtlichen Feldstirkeunterschieden sicherlich geniigend genau ist. 
Er erlaubt die rechnerische Ermittlung der Feldstirke aus den geometrischen 
Daten der Kathode und des negativen Glimmlichtes sowie aus dem Spannungsabfall 
iiber der Roéhre. 

Nach Lirrte und v. ENGEL [5] ergibt sich zwischen planparallelen Platten 
einer Doppelkathode (ebenfalls einer ‘‘Hohlkathode’’) eine Feldstairkeverteilung, 
wie sie in Abb. 3 dargestellt ist. Die Feldstirke ist im ganzen Bereich des negativen 
Glimmlichtes praktisch Null und wichst dann linear bis zur Kathodenoberflache 
an. Daraus sind durch Differentiation sofort die Raumladungsverteilung (Poisson- 
Gleichung) und durch Integration die Verteilung des Potentials V abzuleiten. 
Messung der Potentialdifferenz VU’ (Glimmlicht-Kathode), der Glimmlichtdicke d 
und des Kathodenabstandes / erméglichen also die Berechnung der Feldstirke. 

Obwohl die Anordnung im benutzten Entladungsrohr geometrisch viel 
komplizierter war, gelang es, sie den oben skizzierten Verhiltnissen geniigend 
anzugleichen. Es kam darauf an, dass sich Glimmsaum und Kathodenoberfliiche 
méglichst parallel gegeniiberstanden. Mit der in Abb. | dargestellten Schlitzform 
konnte diese Bedingung ziemlich gut erfiillt werden. Die Abbildung der Entladung 


*Zu dieser Folgerung war auch Ovsers [4] bei seiner Arbeit tiber Starkeffekte an Na-Linien 
gekomru 


5) P. F. Lrrrue und A. vow Encet, Proc. Roy. Soc. (London) 224, 209 (1954). 
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auf dem Spektrographenspalt erfolgte so, dass gerade die giinstigsten Zonen zur 


Wirkung kamen (siehe Abb. 1). 

Die Spektren gestatten mit Hilfe der bekannten Abbildungsverhaltnisse die 
Ermittlune der Schlitzbreite 1 (~Kathodenabstand) und des “Kanal” -Durch 
messers d (~Glimmlichtdicke), des letzteren aus dem Verhiltnis //d, das auf den 
Fotoplatten ausgemessen werden kann. 

Dass auch die Potentialdifferenz U zwischen “Kanal” und Kathodenoberfliche 


Ghenmacht 


| 
| 
| 


eimet H yhikathoden ntladung. 
Jadungedichte und des Potentials V, 


kann. ist der Tatsache zu verdanken, dass bei koaxialer 


yemessen werden 
und Anodenzylinder das Potential von der Anode bis 


Anordnung von Kathoden 


ins negative Glimmlicht hinein konstant ist. Dies ist von ScuC Ler schon 1921 [6] 


durch Sondenmessungen festgestellt worden. Der Spannungsabfall iber der Réhre 


entspri ht also dem Kathodenfal! der gesuchten Potentialdifferenz 
Mit Hilfe von Messungen in Wasserstoff an 7, und H/. konnte quantitatiy 


geprift werden ob diese Voraussetzungen wirklich erfillt waren. Bei einer 


solchen Messung an //, ergab sich mit 
(1) Sehlitzbreite / i mm 


2) Verhaltnis l/d 5/3. 


(3) Spannung an der Réhre $10 \ 
aus der Rechnung fiir plane Kathodenobertlichen: 


41000 Viem 


max 


6) H. Scutrer, Physik. Z. 22, 264 (1921). 
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Die Schiler’sche Hohlkathode als Lichtquelle fur Starkeffektuntersuchungen 


Andererseits kann man aber auch nach den Formeln von Schwarzschild und 
Epstein oder Schrédinger die Feldstirke aus der Aufspaltung der Balmer-Linien 
ermitteln. Hierzu wurden gemessen: 

(4) Maximale Aufspaltung von H 0,305 mm, 

(5) Dispersion des Spektralapparates bei 8 A/mm. 
Aus diesen Werten ergibt sich dann 


40 700 Viem 


max 
Die Ubereinstimmung ist zufriedenstellend. Fehler von mehr als 10°, traten 


selten auf. 


Um den Einfluss der Kriimmung der Flichen abzuschitzen, kann man die 
Rechnung fiir einen kreisférmigen Kanal in zylindrischer Kathode durchfihren. 
Die Poisson-Gleichung liefert im Spezialfall der Zylindersymmetrie durch einfache 
Integrationen sofort 

dV 


E(r) 
dr 


r 

Vir) 7 pr* 

Cs 

Die Konstanten werden mit den Randbedingungen 
E(r,) 0 ermittelt als: 


Co r, exp | 


Radius der intensiven, zylindersymmetrischen Leuchterscheinung; 

Ausserer Radius des Raumladungsgebietes Radius der Offnung in der 

Frontplatte) 
wobei die Gréssen UU, r,, (r,/r,) messbar sind. Bei einer speziellen Entladung in 
Wasserstoff mit zylindrischer Offnung in der Frontplatte der Hohlkathode 
ergab sich 

V, 0.5 mm, (r,/r,) 
Damit folgt 


* max 


47 280 V/em 
Dagegen erhilt man bei Rechnung fiir den ebenen Fall nach Lirrie und v. ENGe. 
mit einem Plattenabstand / i mm und bei einem Verhaltnis von Plattenabstand 
zu Glimmlichtdicke //d 5/3 sowie einer Spannung U 500 V (also bei den 
entsprechenden Daten) 


“max 


50 000 Viem 


Selbst hier ergibt sich also nur eine Differenz von 5—6° Es lisst sich also die 


Feldstirke mit geniigender Genauigkeit berechnen. Damit ist eine zweite, diesmal 


positive Aussage méglich: 
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Obwohl infolge der Schichtung der Entladung die Feldstirke in Kanalrichtung 
(d.h. Beobachtungsrichtung) nicht konstant ist, lésst sich doch eine mittlere Feldstdarke 
angeben und eine dazugehérige mittlere Verschiebung messen. 

Die Erfassung einzelner Aufspaltungskomponenten gelang in keinem Falle. 
Messungen kénnen sich nur auf die Schwerpunkte der breiten Aufspaltungsbilder 
erstrecken. 


(c) Resultate bei Zink. Fiir die Schwerpunkte der Linienverschiebung ergaben 
sich bei einer Feldstirke von 34kV/cem folgende Mittelwerte aus mehreren 


Tabelle | 


Re IS 4p 3 pe 
Qe 4S 4p 3 pe 
10s aN 4p 3p0 
lle aN 4p pe 
7p o12 4p 
Sp 4p pe 
O12 4p pe 
6d 1234p 
7d3D 123-4p 
12: 4p 
1234p *P° 
Sf 2344p 3 pe 
6f 2344p *P® 


Messungen an den Linien der Zn-Tripletts.* Aus diesen Werten ergaben sich 
die Termverschiebungen Ai der Tabelle 2. 


Tabelle 2 


O12 
O12 
3D 123 
3p 123 
3D 123 
123 
pO 234 


* Hier wurde die von LocutTEe-HoLTGREVEN [7] angegebene Regel benutzt, dass die Verschiebungen 
der Linien eines Tripletts von gleicher Grésse sind. 


7) W. Z. Physik. 109, 358 (1938). 
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(A) 
0,2 7 
0,44 
0,73 
0,43 
1,40 
3,39 
0,4 
1,39 
2,74 
3.91 
Vv 
0, 4 2 
19 
1 
12,4 
lls3S 18,5 
7} 6.35 
22,6 
9 6.1 
5.98 
- 29 3 
67,2 


Die Schiiler’sche Hohlkathode als Lichtquelle fiir Starkeffektuntersuchungen 


Die Fehler sind bei den niedrigsten Termen der Folgen (wegen der geringen 
Verschiebung) und bei den héchsten (wegen der sehr grossen Verschiebung bei 
geringer Intensitat) naturgemiiss am gréssten. 


Eine gewisse Kontrolle, ob es sich um plausible Werte handelt, erméglicht die 
Division der Af durch eine Potenz der Hauptquantenzahl » [8, 9}. 


Tabelle 3 


Division durch n® ergibt fiir 
8s 38 
98 38S 


l 1,18 10 

1.35 10 
LOs 3S l 1.24 10 
lls 3S 1,04 « 10 
Division durch n® ergibt fiir 
Tp O12 10 10 
Sp 10 
2 oa 10 
6d 2% 10 
7d 2: 10 
Sd 10 
9d 2: 10 
Of 23 10 
Gf Fe 9% 5,< 10 


Ks muss nochmals betont werden, dass von der Hohlkathodenmethode nicht 
erwartet werden kann, dass sie genaue Werte liefert. Aus den obligen Betrach- 
tungen geht jedoch hervor, dass ein brauchbarer Uberblick iiber die Stark- 
effektempfindlichkeit gewonnen werden kann. 


Anerkennungen—Herrn Prof. Dr. W. Locurr-HoL_TGREVEN danke ich fiir die Anregung zu 
dieser Arbeit. Herr Prof. Dr. H. Scatter hat durch Ubersendung von Spektralaufnahmen und 
Ratschlige die Arbeit wesentlich gefordert. Der Deutschen Forschungsgemeinschaft danke ich 
fiir die Uberlassung des Hilger Spektrographen und des Spektralphotometers. 


[8| R. Becker, Z. Physik. 9, 332 (1922), 
A. UnséLD, Ann. phys. 82, 355 (1927). 
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Abstract—Spectra of Zn I obtained with a specially designed hollow-cathode device show many 
lines corresponding to “forbidden transitions”. Analysing these transitions, it is possible to 
obtain the position of a number of hitherto unknown high-lving energy terms of the Zn I atom. 
“Allowed” transitions from these terms lead to sper tral lines situated in the far infra-red, a 
direct measurement of which would cause considerable difficulties. Observing the forbidden 
transitions, it is sufficient to investigate only a very restricted spectral range in the near u.v. 
to obtain quite a number of F, G, H,J terms and also some further additional terms to already 
known series of the Triplet Svstem of Zn I. 
At the end of this paper a critical discussion of the published wavelengths is presented. 


IN EINER Studie der bei einer Hohlkathodenentladung nach Scut'Ler auftretenden 
Starkeffekte [1,2] zeigte sich, dass die Mehrzah! derjenigen Linien, die grosse 
Starkeffektempfindlichkeit besitzen *‘verbotenen”’ Termiibergingen zuzuordnen ist. 
Die bekannten Ubergangsregeln zwischen Spektraltermen werden im Falle 
erheblicher elektrischer Felder so durchbrochen, dass die ‘“‘verbotenen’’ Linien 
mit vergleichsweise grosser Intensitit auftreten. Bei der Identifikation dieser 
Linien ergab sich, dass sie sich teilweise nicht als Ubergiinge zwischen bekannten 
Termen deuten liessen. Die Benutzung der Linien fiir eine Termanalyse lag 
also nahe, wobei die auftretenden Starkeffektverschiebungen die Analyse besonders 
erleichterten. 
Prinzipielles 

Mit wachsender azimutaler Quantenzahl (also in der Reihenfolge F, G, H, J, 
A...) riicken auch die unteren Terme der Termfolgen sehr schnell gegen die 
lonisierungsgrenze und damit die regularen Ubergiinge bald in infrarote Spektral- 
hereiche. Sie entziehen sich damit der photographischen Beobachtungsmdglich- 
keit. Entsprechend war Pascuen und Rrirscuet [3] 1933 die Untersuchung des 
Zinkspektrums nur bis 10100 A gelungen. Werden aber Auswahlregeln durch- 
brochen, so kénnen Ubergiinge von den in Rede stehenden hoch gelegenen Termen 


in giinstiger gelegenen Spektralbereichen ohne Schwierigkeit beobachtet werden. 
Um die Leistungsfihigkeit der Methode zu charakterisieren sei kurz bemerkt. 
dass in dem hier untersuchten Zn I Spektrum selbst der kiirzestwellige “‘erlaubte”’ 


Cbhergang zwischen F und G Termen, nimlich 
4f 234 — 89 94 345 


1) H. Scnt cer, Z. Physik. 35, 323 (1926). 
2| H. Muntensrucn, Spectrochim. Acta 16, 1031 (1960). 
3| F. Pascuen und R. Ritscen.. Ann. phys. 18, 867 (1933) 
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Die Vervollstandigung des Termschemas von Zn I mit Hilfe einer Hohlkathodenentladung 


. . . 
bei 19200 A liegt. Alle anderen erlaubten Ubergiinge liegen noch wesentlich 
weiter im I.R. 


Experimentelles 

Durch entsprechende Formgebung der Kathode wurden im negativen 
Glimmlicht einer Schiilerschen Hohlkathode sowohl grosse Leuchtdichte als auch 
starke eiektrische Felder erreicht. Die zu den Spektralaufnahmen fiihrende 
experimentelle Technik ist schon in der vorhergehenden Arbeit [2] angegeben, 
sodass sich eine nochmalige Darstellung eriibrigt. Es sei jedoch eine der Aufnah- 
men hier reproduziert, aus der die Gréssen der Starkeffekte sowie die Ahnlichkeit 
dieser Effekte bei einer Reihe von Linien ohne weiteres hervorgehen (Abb. 1). 
Ausser Linien von Zn I und Zn II und méglicherweise solechen héherer Jonisie- 
rungsstufen von Zink traten nur wenige Fremdlinien und einige schwache Banden- 
k6pfe in den Spektren auf. 


Identifizierung der Linien 
Um die Spektrallinien bestimmten Ubergiingen zuordnen zu kénnen. wurden 

fiir den untersuchten Spektralbereich von 2200 bis 2900 A (und dariiberhinaus 
von 2000 A-10000 A) simtliche Uberginge zwischen den bekannten Termen 
von Zn I und Zn II (entnommen den Atomic Energy Levels von Moore [4]) ohne 
tiicksicht auf Ubergangsregeln berechnet. Eine Identifikation mit Hilfe der 
MJ1I.T. Tables von Harrison [5] erschien unzweckmissig.* Der Vergleich von 
gemessenen und berechneten Wellenlingen erméglichte (abgesehen von einer 
Vielzahl “erlaubter’” Linien) in einer Anzahl! von Fillen die Zuordnung von 
“verbotenen”’ Linien zu Ubergiingen zwischen bekannten Termen. z.B. erwiesen 
sich einige der nur im elektrischen Feld emittierten Linien als Ubergiinge 

6p 012 — 4p 012 

Tp 012 — 4p 012 

Sp 012 — 4p 012 

9p 012 — 4p 012 


6p — 4p 012 
— 4p 012 


4f 234 — 4p 012 

Sf 234 — 4p 012 
Andere experimentell erhaltene ‘“‘verbotene” Linien entsprachen aber nicht 
Ubergiingen zwischen bekannten Termen. 

Die Starkeffektverschiebung der Linien erwies sich hier als ausgezeichnetes 
Hilfsmittel der Analyse. Im einzelnen kennzeichnete der Verlauf im inhomogenen 
Feld deutlich die Zugehérigkeit der Linien nicht nur zu Tripletts sondern auch 
zu bestimmten Serien. Die Regeln von Locure-HoLTGreven [6] und Unséxp [7] 


* Hierauf wird in einem Abschnitt des Anhanges naher eingegangen. 


| C. E. Moore, Atomic Energy Levels Vol. If. National Bureau Standards. Washington (1952). 
| G. R. Harrison (Redakteur), M.J.7. Wavelength Tables. Wiley, New York (1952). 

5] W. Locure-HoitGreven, Z. Physik. 109, 358 (1938). 

7) A. Unsétp,. Ann. phys. 82, 355 (1927). 
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bzw. Becker [8] iiber Gesetzmiissigkeiten der Ablenkung leisteten dabei gute 
Dienste. 
So ergab sich, dass auch die noch nicht eingeordneten ‘“‘verbotenen” Linien 
Zn 1-Tripletts mit dem unteren Term 
4p 012 

bilden. Mit Hilfe der oben genannten Kriterien gelang ihre Identifikation als 
U bergiinge 

3d 4s np O12 3d'° 48 4p $P° 012 

3d 48 nf 30 234 48 4p 012 

3d 48 ng 345 3d" 48 4p O12 

3d" 4s nh 3H® 456 — 3d" 4s 4p 3P° O12 

3d 48 ni 567 48 4p O12 
Eine Verwechslung mit Quantenspriingen von den doppelt angeregten Zustinden 
des Zn I-Atoms mit den Konfigurationen und Termfolgen 

3 4p ns 3 po 4s 4p 3 po 012 

3d" 4p np 3p 48 4p (12 

3d® 4s? np P° — 3d" 48 4p 012 


oder ahnlichen Ubergiingen ist nicht zu befiirchten. 


Ergebnisse 


Auf den folgenden Seiten ist eine Liste der nur im Feld beobachteten Linien 
zusammengestellt (Tabelle 1). Dabei sind stets mehrere der Auswahlregeln 


even—odd 

AL 
AJ & 
AJ 0440 


AS 0 durchbrochen. 


Bei den +3 P°-Ubergiingen sind deutlich solche mit gleichem J bevorzugt, 
auch bei J 0-+0. Ubergiinge mit AJ + 0 sind, wenn iiberhaupt beobachtbar, 
wesentlich schwicher als solche mit AJ 0. Aber auch Interkombinationslinien 
_,1P° sind (nur im Feld) beobachtbar. 

Erwihnenswert ist auch, dass die verbotenen Ubergiinge von den jeweils 
niedrigsten Termen der Serien (also den Termen mit niedrigster Hauptquantenzahl) 
zum metastabilen Term 4p *P° mit geringerer Intensitit auftreten als die jeweils 
folzenden Linien der Serien. Am deutlichsten wird das bei den Ubergiingen 
bq %G—4p *P®, aber auch bei 6h 3H®—4p *P° ist dies klar zu erkennen. Von anderen 


Autoren ist von den Ubergiingen 5p *P°-4p nur 5p 2-4p *P® 2 beobachtet 


worden (im Gegensatz zu 6p *P°-4p °P® von denen mehrere Triplettkomponenten 


8) R. Becker, Z. Physik. 9, 332 (1922 
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Die Vervollstandigung des Termschemas von Zn I mit Hilfe einer Hohlkathodenentladung 


Tabelle 1. Nur im Feld auftretende Linien 


Agemessen Aver: chnet Ubergang J—J Bemerkungen 


2 394,9 


377° 456 4p 


3 98,3 LOp 012 - 4p 0 
4 2 405,2 
5 456 spe 


345-—4p%p] 
7 07.8 Oh 456 4p 2 
8 11,0 10p*P° 012—4p 
9 11,8 llp*P® 012— 4p 2 


377° 456 3 p0 


1: 345—-4p 
12 27,1 234 —4p o 
13 28,6 8h 456—4p 2 
14 29,3 89 3G 345 —4p 3 Pe 


to to 


2° 3p0 


16 33,6 2 433,57 9p 4p 0 
17 (33,8 10p O12 — 4p 2 
18 36,3 Th 456 4p | 
19 37,36 79 
20 38,40 7f 
21 44,8 2 444,80 9p | 4p 3p? 
22 58,4 711.37 567 tp 2 
23 59,55 Th 456 4p 2 
24 60,68 79°G) 345—4p3p%2 
25 j 9° 3 p09 


(2 468,05 | 
68,26 Pp | 4p *P*®2 | 1-2) 

28 74,63 6g 345—-4p 

29 75,85 6f 234-—4p 0 

< 85 3 po 


3 po 
87,5-6 Gf  234- 4p 
33 |2 487,60 8p 3p? | 4p 
q ,3 peo + 
99,50 99,43 | 1-1); 
35 99 60 8p 4p 3p0] 


3779 456 4p 3p0» 
37 10,48 6g 845 4p 
38 11,65 6f 234 4p 2 
39 23,65 2 523,61 Sp 2 ip *P® 2 2-2 
of 234 4p Fowler: 2562.618§ 


l 
» - 
J 
1960 
| 


H. MUNTENBRUCH 


Tabelle (contd.) 


bergang Bemerkungen 


Fowler: 2575,06§ 


98,2 
Fowler: 2600,95§ 


2 ool, 
23,71 23,7 pe 2 2-2) Fowler: 2623,78 
** 
2} 


46 

1s 2° »* Fowler: 2756,86 

35 2: : Fowler: 2781,2¢ 
95. 95.63 
soo. 


3 454,92 
3474.54 ] 
3515.20 4 2 2.2 Fowler: 3515,11 


32. nr.33) waren nicht zu trennen, vermutlich auch hier 0 — 0. 


S Der 234 ist schon in den Atomic Energy Levels [4| nur unter Vorbehalt angegeben. 
** > sind die jeweils intensivsten Ubergange 


angegeben sind). Der erwihnten Besonderheit scheint also allgemeine Bedeutung 


zuzukommen. 

Aus den beobachteten Linien lassen sich die in Tabelle 2 zusammengestellten, 
bisher nicht bekannten Terme ermitteln.* 

Abb. 2 zeigt einen Ausschnitt des Termschemas, in dem die bisher bekannten 
Terme durch voll ausgezogene Linien dargestellt sind. Die hier gefundenen Terme 
sind gestrichelt in das Schema eingefiigt. Im Anhang sind Angaben iiber einige 
weitere Terme gemacht. 

Eine Darstellung der gefundenen Termwerte durch Rydbergformeln der Form 

R 
A)? 

* Anscheinend hat auch Scui'ter [1] einige der beobachteten Linien in gleicher Weise gedeutet, 

denn die Abb. 10 (s. 336, [1}) enthAlt entsprechende Termbezeichnungen, ohne dass im Text im irgend 


einer Form darauf Bezug genommen wurde. 


A 
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a 
41 2 571.75 5g 345—4p 1 
42 74,27 2 575,09 Sf 234—4p I 
43 82.02 82.02 ip'P® 1 ip 1 
44 85.25 85,17 Tp tp PPO Loy 
45 85.45 85.40 Tp ip? PPO 
97.25 97.25 2 4p p? 2 
97,93 07.94 Tp *P* 1-1)%* 
40 
: 
51 
os 
ne ] 
59 
ay 60 2 ip *P®2 2-2 
él 
63 
* Vermutlich 2 2 
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mit den Konstanten A 75 766.8 em=! 


R 


109 737 


zeigt, dass die mit Hilfe der ‘“‘verbotenen” Linien erzielte Genauigkeit in der 
Festlegung der Termwerte recht befriedigend ist. Selbst in ungtinstigen Fallen sind 
die Fehler kleiner als 2cm~. (Nur bei der Ermittlung von 1 lp *P® 012 ist offenbar 
die praktische Grenze der Messgenauigkeit erreicht.* Hier ist wohl der berechnete 
Wert 74 351 em~ richtiger.) 


Tabelle 2. Bisher nicht gemessene Termwerte 


(cm 
1Op 3 po 012 73 965.5* 
ole 74 340,! 


234 71 335.6 


6f °F° 234 72 690.8 
234 73 499.5 
8f 234 74 025 


345 71 373.8 


“GF 345 72 710,2 
7g 345 73 517.0 
SY 345 74 041 


3779 456 
Th 456 
Sh °H® 456 
456 


731,2 
534.9 
053.7 


4090." 


bo 


~1 
~ 


554, 
3J 567 74 066.: 


* Der berechnete Wert 74351 em 


1 ist sicher besser (siehe 


mnten). 


Die berechneten Quantendefekte sind in Abb. 3 und Abb. 4 dargestellt. 
Dabei enthilt die Abb. 4 zum Vergleich auch eine Gegeniiberstellung der nach 


den Atomic Energy Levels |4| und nach eigenen Messungen berechneten Quanten- 
defekte der héheren ?P- und *D-Terme. 

Damit erscheint das Problem der einfach angeregten Triplett-Terme des Zn I 
ganz allgemein gelést, denn sowohl in Richtung wachsender Hauptquantenzahlen 


n als auch in Richtung wachsender azimutaler Quantenzahlen L lassen sich 


durch Extrapolation weitere Terme mit geniigender Genauigkeit berechnen 


(in diesen Bereichen sind die Terme schon in so hohem Masse wasserstoffahnlich. 


dass keine bemerkenswerten Abweichungen mehr auftreten). 


* Fir die Ermittlung der Wellenlange der ‘“‘unbeeinflussten”’ verbotenen Linien mussten die an den 
Enden sehr stark verschobenen und verbreiterten Linien der Spektralaufnahmen auf die Lage extrapoliert 
werden, die dem Felde Null entspricht. 
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Anhang 


A. Wellenlingenmessung 


Die publizierten Wellenlingentabellen geben fiir den hier untersuchten 
Spektralbereich ca. 100 Zn I- und Zn I1-Linien an. Es schien daher méglich zu 
sein, durch Interpolation zwischen diesen bekannten Wellenlingen andere Linien 


TERMSCHEMA Zn! 


Abb. 2. Das Termschema von Zn I. Die bisher bekannten Terme sind voll ausgezogen, 
die hier neu gefundenen Terme sind gestrichelt eingezeichnet. 


n 
Abb. 3. Quantendefekte (Ordinate) in Abhangigkeit von der Hauptquantenzahl fir F G 
H und J Te rme \ olle Punkte Termwerte nach Atomic Eneray le we ls. Kreise Term- 
werte nach unseren Messungen. 
messend zu erfassen. Dies Verfahren fiihrte aber zu Unstimmigkeiten, die nur 
durch die Annahme zu erkliren waren, die angegebenen Wellenlingen seien 
teilweise falsch oder dochsehr ungenau 
Die Wellenlangenangaben fiir Zinklinien in den Spektraltabellen von SarpEt et al. [9] sind 


nach Angaben der Autoren ungekiirzt aus den M.1.7. Wavelength Tables [5| iibernommen 


{9} A. N. Satper, W. K. Prokxorgew und 8. M. Ratsk1, Spektraltabellen. VEB, Berlin (1955). 
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Die Vervollstandigung des Termschemas von Zn I mit Hilfe einer Hohlkathodenentladung 


worden. Schon dabei haben sich einige Druckfehler ergeben, wie ein Vergleich erkennen liess.* 
Die Autorenangaben bei den einzelnen Linien in den M.I.T. Wavele ngth Tables zeigen, dass die 


Wellenlangen ausnahmslos nicht im Massachusetts Institute of Technology gemessen wurden 


sondern von 9 verschiedenen Autoren iibernommen worden sind. Die Angaben sind also 
naturgemiiss sehr heterogen. Ein Studium der einzelnen Verdéffentlichungen [10-17] klirte die 
Situation: Von den 51 angegebenen Linien im Bereich 7 2000-2400 A waren 27 Linien von 


den Autoren falsch iibernommen worden, weitere 10 Linien mit falschen Autorenangaben 


versehen, die selbst beim Studium der angegebenen Literatur nicht aufgeklirt werden konnt: n, 


sodass nur 14 Linien richtig zitiert wurden. Dazu kommt noch, dass 3 Linien schon bei den 


Abb. 4. Quantendefekte (Ordinate) in Abhangigkeit von det Hauptquantenzahl fii 
S P D Terme. Voile Punkte lermwerte nach Atomic Enerqy Levels. Kreise Term 
werte nach unseren Messungen 


zitierten Autoren mit wesentlichen Fehlern angegeben sind. Von den folgenden 115 Linien im 


Gebiet 7 2400-4500 A tragen noch 26 falsche Autorenbezeichnungen, einige werden falsch 


zitiert, andre sind schon von den Autoren falsch klassifiziert. Die restlichen ca. 40 Linien 


(4500-8000 A) sind im allgemeinen richtig angegeben. Von den insgesamt 207 Linien sind 12 


der schwiicheren als im M.1.T. gemessen gekennzeichnet Auch dabei sind anscheinend 


Verwechslungen vorgekommen, worauf u.a. Angaben bei den zitierten Autoren hindeuten 


Andererseits haben sich die Werte von Herzvier et al. [12] als ausserordentlich genau 


erwiesen. 


Die Wellenlingen mussten daher neu vermessen werden. Die Messung erfolete 


in zwei Abschnitten: 
jeim ersten Schritt wurden solche Zinkspektren vermessen, die mit eisernen 


Frontplatten vor der Hohlkathode aufgenommen worden waren. Ein grosser 


Teil der beobachteten Zinklinien wurde so gegen eng benachbarte Eisenlinien 


* Die Linie 2868,521 Zr I ist als Zn I-Linie, die Linie 6761,45 Sn TT als Zn II-Linie angegeben worden. 
Im tbrigen stimmen die Angaben vollistandig iiberein. 


10} A. FowLer, Report on Series in Line Spectra, Fleetway Press, London (1922 bzw. 1927). 
11) F. Pascnen und R. GOrze, Seriengesetze der Linienspektren. Julius Springer, Berlin (1922), 
C. W. Herzier, R. W. BoremMann und K. Burns, Phys. Rev. 48, 656 (1935). 

13) G. von Sars, Ann. phys. 76, 145 (1925). 

14) Y. TakKanasui, Ann. phys. 3, 27 (1929) 

(15) F. A. Saunpers, Astrophys. J. 43, 239 (1916) 


16| L. Brocn und E. Biocu, Ann. phys. 5, 325 (1936). 
F. Ann. phys. 35, SHO (LOTT). 
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Tabelle 3. Eigene Wellenliingenmessungen des Zn I-Spektrums 


Bemerkungen 
Rel. Jnt 


(Bk Bandenkante) 


Int 


BK: ZnH™ (und CO 2 370.32 
70.69 


BK: ZnH 76 tp 1-1ld 12% 


4p 2-13d 3D 123 


76.00 4p P° 0-10d 2D 122 


76,90 


78.48 

79,31 4p 2-148 3S 1 
80.04 

80.57 2 4p 1-1283S 1 
81.62 BK: CO* und? 


82,63 4p 2-12d 3D 12: 
CO 
ZnH 3,95 5s 2S }-4p"2 P08 
4p} 


BK: ZnH 72 1-10d 3D 123 
4p 1-13d 3D 123 


und BK: CO 
3 


90.11 2; 2p 3 


YO OS 


tp 1-124 123 
4p 0-11d 123 


lid *D 123 
BK: C 
ip 2 
4D 12! 


98.56 
BK: ZnH* und? 98,82 
4p 1-138 4S 1 99,31 
tp 123 401,53 


SY 
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= 
pe 
2 229,3 10 
40,2 l 0.5 
52,8 20 0,9 
61,5 
63.6 2 72.41 O5 
; 64.9 l 73.25 
65,3 15 74,30 3 
73.3 2 74,57 
93,7 BK: CO 2 
99.8 10 BK: CO” 
2 307.6 2 
13,5 3 
- 
997 
| | l V 
25,2 10 1] 
32.0 
32, 
47.65 5 85,10 
50.70 3 
52.50 5 
| 
3238 
57,30 
57,45 tp *P® 1-1483S 4p’ 
2 
60.84 5 92,33 l 
61,13 7 
62.50 ] 
67,22 5 4p 1-11s4S 1 
68,24 O5 3 4p 2-128 4S 1 
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Tabelle 3 


(contd. ) 


Rel. Jnt 


2 404,85 
05,21 
08,4: 


16 
1960 


33,54 
67,03 
68,80 
69.52 
70,11 


Bemerkungen 


4p *P® 1-9d 3D 123 


4p ®P® 2-10d 123 


4p 0-108 4S 


BK: CO” 


4p 2-118 38 | 


4p $P® 1-108 4S ] 


4p 0-8d 123 
4p 2-9d 3D 123 
4d 2p 8f 


4522) 4p’ 4 po 


4d 


4p *P® 1-8d 3D 123 


BK: CO” 
4p 2-108 38 


4p 0-98 38 | 


4p 2-8d 3D 123 


4p 3po0 1—9s ay 


A\uft 


90,8: 
91,23 


92, 
93,51 
94,2 
96,18 
97,11 


97,94 


2 500.28 


02.00 
03,29 
04,53 


05,10 
06,70 
08,12 
09.03 
09,44 


09.80 
10,36 
10,83 
12,08 
15,04 


15,85 
20,37 
20,55 
22,04 


22,76 


Rel. Jnt 


1000 


Bemerkungen 


4p 3 0 a] 
Fel 


tp 1-7d 3D 123 


tp 3P9 2-95 38 | 
js 28 7p 


4p*P° 17d 1p 2? 
4p 2p0 5s 2S 


BK: 


5s 2S 3 


4s* 2) 


4p!) 4po03 


4p 2-7 3D 123 
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0,5 2 472,68 6 
8 73,35 15 
50 74,27 3 BK: CO 
10 76.45 l 
09,13 30 Po 78,57 20 Cl 
10,05 0.5 79,85 150 ) 123 
15,57 83,27 5 | 
18,71 30 84,62 7 
19,41 15 Pl 86,21 15 
20.76 2 $6.93 20 
21,90 7 88,15 2 Fel 
23,32 25 S985 0.5 
24,81 0,2 2 
26,76 15 ? 
26,95 40 300 
28,95 60 2 
VOL. 30,91 80 50 
34,25 6 
39,55 3 a 2 
40,21 100 
42,01 30 
45,01 7 2 
45,91 10 5 
49,90 25 30 
50,30 20 l 
51,24 0,5 0,5 
62,04 7 2 
> 
00 
= 20 3 
25 
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Tabelle 2.—(contd.) 


Rel. Jnt Bemerkungen Avuft Rel. Jnt Bemerkungen 


2 612,98 

14,18 

15.89 

4p 0 Rs IS l 18.2 
18, 


4p 2-6d 1D 2 


BK: 
4p 3pe |] | 
BK: CO* 


3000 4p 2P° 3582S } 
15 4d 2D 3 2F°s 
4p 2-88 38 1 
300 4p 0 1 


4s" 2D 5p 2p 


: BK: CO” 
1000 4p P° 16d 3p 12 


4p 1-6d'D2 


Sehr breit 
4p 3 pe 78 Is 0 


tp 0 2? bid 123 
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i 
haus 
2 527.00 25 3 
30,18 50 0,5 
32,10 3 
oa 34,75 3 21,74 l 
35,94 5 22,08 
39,43 l 36,26 3 . 
= 40,57 Oo 
42,38 100 
50,24 
52,54 3 41,71 ; 
54,27 l 43,36 
56,17 44,57 
64.44 46.90 2 
67,80 47,82 l 10 
69,87 49,23 0,5 
75,41 51,08 3 
75.89 7 51,57 
77.69 53,11 3 
86.10 l 54,84 l 
86.87 O05 55,44 3 
87,68 57,52 0,5 
5 89.90 3 58.70 5 
90,40 l 59.74 5 
92,32 60,76 
92.91 2 61,78 3 
10,60 2 68,30 4 
ag 
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Tabelle 3—(contd.) 


Avart Rel. Jnt Bemerkungen Avutt Rel. Jnt Bemerkungen 


2 669,40 2 719,03 Fel 
70,53 4p 0-78 3S 19,96 
71,60 20,49 5p 1-9d 2D 
72,19 BK: CO* 
73,19 : 


74,18 22,5§ BK:CO" 
74,92 
75,37 
76,06 


77,50 


78,80 

79,41 

79,76 

81,18 

82,86 33,99 


83,20 35,39 
84,16 4p 1-783S 1 38,53 3-9d 2D 
85,50 38.80 4 3 
88,10 y Diffus. 40,10 
88,80 5 40,99 


41,75 
46,84 
48,65 
50.36 
51,5-9 Sehr breit 


54,44 1? 
56,45 1 000 4p *P° 0-5d 3D 1 
58,92 10 
60,20 2 
2 701,5$ 61,48 


02,6 62,43 

04, 64,00 4s? 2D 3-5p 2pe3 
65,50 

06,! 66,83 

07.7: 70,93 4p 1—-5d 2D 12 


08,6: 

09.52 
12,49 
14,48 
15,38 


x +3 «3 
Sm Oe 


0,5 27,21 l 
2 
l 
l 
6 
VOL. 
1960 
89,78 
92,59 3 
93,89 3 
94,52 2 
95,96 5 
4 2p3 8p? Pe 23 3 
300 4p *P® 2-78 3S | 87 2 
l ,82 15 4s* 2) : op 2pel 
? 
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Tabelle contd.) 


Bemerkungen Bemerkungen 


sp 2-5d 1D 2 


mittels linearer Interpolation festgelegt. Stindig wurde dieses Verfahren durch 


Vermessen bekannter Eisenlinien kontrolliert 
Der zweite Schritt fihrte dann zur Bestimmung der Wellenlingen von Linien, 


die in den Fe—Zn Spektren nicht beobachtet werden konnten, aber in denjenigen 


Zn-Spektren zu finden waren, die mit Kohlefrontplatten aufgenommen worden 


waren. Diese Spektren wiesen ausser eigen Bandenképfen, der Cl Linie 2478 A, 
wenigen Fe-Resonanzlinien, einigen besonderes intensiven Pb-Linien und der Cd- 
Linie 2288 A keine Fremdlinien aut 

Bei einer Dispersion von 2-6 A/mm konnten die Linien mit einem Zeiss, schen 
Schnellphotometer auf 0,001 mm genau vermessen werden. Die Wellenlingen- 
messungen sind in den einzelnen Bereichen von etwas unterschiedlicher Genauig- 
keit im allgemeimnen sind aber die Fehler you der (-rosse O.0] A. sel der 
Vermessung der “verbotenen (bergiinge waren gréssere Fehler (bis zu 0,1 A) 


nicht zu vermeiden, da es sich bei diesen Linien teilweise um recht diffuse Gebilde 


handelt 
Am Schluss des Anhangs ist eine Tabelle der vermessenen Linien mit Angabe 
relativer Intensitaten und der identifizierten Ubergiinge wiedergegeben. Die 


verbotenen” Ubergiinge sind nicht aufgefurt 


B. Die Terme 
Die Linien 
$2 230.7 cm 3 ope} 
41 841.4 cm 
$2 404.8 cm ap? | 
$2 016.2 em spe2 


1052 


1 
99.98 19.01 2 
2 800.01 202% ‘ 
62 2 
< 
OS 38 27,12 4 7 
a 
05.49 l S005 4 
07.07 $1.52 3 
10.18 
mcr 


Die Vervollstandigung des Termschemas von Zn I mit Hilfe einer Hohlkathodenentladung 


ergeben die Terme 


13s 3S 1 74 731,9 em"! 

l4s 4S 1 74 906.5 
Die folgenden Rydbergformeln und der Vergleich zwischen den damit berechneten 
und den gemessenen Werten bestitigen die Identifikation. 


Aus den extrapolierten Werten der Quantendefekte A,, 


2,705, Ay, TOO 
(siehe Abb. 4) und der lonis. 


Crrenze A ermittelt man mit 


75 766.8 em~! 
R 
(mw 


= 74 731,7 


== 74 907.5 
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The infra-red spectrum of thin films of sodium borohydride* 


Casper J. H. 
Laboratory for General and Inorgani Chemistry, Amsterdam, Holland 


Abstract—-Thin films of NaBH, were made on polished NaCl and KBr plates. The infra red 
spectrum of NaBH, films was studied at 25°C and 182°C. There are indications that the 
(F,) is split into two bands at 182°C: at room temperature 


The bar d due to the stretching mode behaves 


hand due to the deformation mode 


there is only one, slightly asymmetrical band 
similarly The obese rved spectral ( hange scan be correlated with the phase transition obset ved in 
NaBH, Mixed ervstals of NaBH, w ith various alkali halides were pr pared and the spectra 
recorded at various temperatures to aid in the interpretation of the spectrum of the pure boro- 


hydride 


Tne heat capacity of NaBH, was measured by Jounston and HALLET [1] in the 
range 15° to 300°K. There is a A-type break in the heat capacity curve between 
169° and 193-5°K, indicating a second-order transition, STOCKMAYER and 
STEPHENSON [2] calculated that the excess entropy of transition is 1-2 cal °C! mole. 
This approximates the value of Rin2 for a simple order—disorder transition 
involving just two alternate (equivalent) orientations of the borohydride ion in 
the lattice. This heat capacity anomaly 1s analogous to that found in the am- 
monium and deuteroammonium halides (of which Vepper [3] gives a review). 
The crystal structure of NaBH, at room temperature Is face-centred cubic, 
i.e. it is isomorphous with rock salt and the high-temperature modification of the 
ammonium halides [4-6]. The lattice parameter is a, = 6-164 A; Na* and BH, 
‘ions are on the lattice points. Below the transition temperature the crystal 


structure is body-centred tetragonal [6] with a 4-354 A and ¢ 5-907 A (at 
90°K). In face-centred co-ordinates, a = 6-16 A: this is nearly identical with the 
cube edge in the high-temperature modification. It is possible that along these 


axes the closest approa h of the hydrogens occurs. 

The phase which is stable above 190°K is, in the following, referred to as Phase | 
and the low-temperature tetragonal phase as Phase Il. 

The nuclear magnetic resonance study of Forp and Ricnarps [7] shows that 
there is a marked narrowing of the resonance line at 85°R, i.e. far below the tem- 
perature of the /-point transition. The line width transition is caused by the 
reorientations of the borohydride ions in the lattice. At 20°K the lattice is “rigid” 
with respect to the borohydride ions; the structure is ordered. At this temperature 


‘per presented at the meeting ol! the European Molecula Spectroscopy Group, Bologna Meeting 


t received January [60 
of absence trom Potchetstroom University tor ¢ H.E.. Potchetstroom, South Africa 


Jounston and N. C. HALLET, « im. Chem. Soc. 75, 1467 (1953 
STocKMAYER and C, C, STEPH! weon. J. Chem. Phys 21, 1311 (1953) 
Thesis 

SoLpATE, J. Am. ¢ 
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The infra-red spectrum of thin films of sodium borohydride 


the borohydride ions execute torsional/oscillational motions. As the temperature 
is raised the ions receive enough energy to surmount the barrier separating the 
two positions of equal energy. At 85°K the rate of reorientation is large enough 
to narrow the line completely. The barrier hindering the orientational motion is 
calculated to be 2-42 kcal/mole. The value of the second moment at 20°K excludes 
free rotation (even around one axis) of the ion. At temperatures above the line 
width transition temperature the value of the second moment is insensitive to the 
rotational motion of the ion. 


Experimental procedure 


Thin films of NaBH, were made on NaCl and KBr plates as follows: 
(i) The salt was dissolved in pure dry isopropylamine and painted on the 
heated pellet. The films so obtained were not homogeneous and usually scattered 


too much, 

(ii) A paste was made with dry carbon tetrachloride or isopropylamine and 
rubbed between two ground-glass plates till it was fine enough. The paste was 
allowed to dry and the dry powder transferred to a polished glass plate; a drop 
of tetrachloride was added and the paste rubbed with the polished halide plate. 
The halide plate was slid off the glass plate and a film formed on the surface of the 
halide plate. We found that this method can give films that are almost reflexion- 


free. 

The plate with the film was then transferred to the Hornig-type cold cell and 
screwed in the cold block. A copper—constantan thermocouple is imbedded in 
the cold block and connected to an automatic registering potentiometer. The 
potentiometer is synchronized with the recorder of the spectrometer. Before use 
the cell is sealed and evacuated to 10-° cm mercury. 

The room-temperature spectrum was recorded and then the spectrum at the 
temperature of liquid air. The cell was allowed to warm up and the room-tempera- 
ture spectrum recorded again as a check. 

Sodium borohydride—alkali halide mixed crystal pellets were made in the usual 
manner; the concentration of the borohydride in the pellet was usually ca. 0-1 per 
cent (w/w). The spectrum was also recorded at +25 and at —182°C. 


Results 


(1) The natural abundance ratio of the boron isotopes "B and "B is 20 : 80. 
To study the isotopic splitting of the various BH, bands, the BH,” ion was 
substituted for a halide ion in the alkali halide (NaCl, NaBr, KCI, KBr, KJ, RbCl, 
RbBr and RbJ) lattice. A typical mixed crystal spectrum (in the stretching region) 
of BH,~ in KJ is shown in Fig. 1. The isotopic splitting remains constant in the 
different alkali halides. The isotopic splitting of the various bands in a KJ lattice 


at 182°C is as follows: 


vy (em ) 


1113 


1960 
i 
up 2264 2197 2358 
1121 2277 2213 2367 (sh) 
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The general trends in the mixed crystal frequency shifts of the BH ,~ bands are 
the same as reported by us for a number of other ions [8-10]. The frequency 
shifts are much larger than those observed for the NH,* ion in the same alkali 
halide lattices [3]. This indicates a large oscillator strength for the different 


vibrations of the ion. 


Fig. 1. The isotopic splitting of the high-frequency bands of the BH,~ ion in a K.J- matrix. 
25°C Is2°c 


(2) Four bands occur in the room temperature spectrum. These bands show 


fine structure in the spectrum taken at —182°C. The bands behave as follows 


(the assignment will be discussed later): 


Phase I Phase II 


1123 em™! vs. vsp. 
1123 strong 1035 Ww. sp. 
liose 


{2305 


etr ‘ 
2305 strong \9987 


neo w. shoulder 


2223 8. Sp. 
2229 strong 998 
2255 8. Sp. 


2256 ms. sp. 


2400 w.b. 2404 w.b. 


The spectra are given in Figs. 2, 3 and 4. 


J. A. A. Kerecaar, C. Haas and J. van per Evsken, J. Chem. Phys. 24, 624 (1956). 


J. A. A. Kerecaar and J. vaN per Exsxen, J. Chem. Phys. 30, 336 (1959); J. VAN DER ELSKEN. 


Thesis, Amsterdam (1959). 
10) J. A. A. Kerevaar, C. J. H. Scnuurre and B. L. Scuram, Spectrochim. Acta 18, 336 (1959). 
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Fig. 2. The high frequency bands of the BH,~ ion in the Phase I of NaBH,. 


ie Phase I at 25°C. Phase I supercooled to 182°C. 


'o 


2150 2200 2250 2300 2350 2400 2450 


Fig. 3. The high-frequency bands of the BH, ion in the two NaBH ; phases. 


Phase I at 25°C. Phase IT at 182°C. 


Discussion 
(a) Phase I. The selection rules for a tetrahedral ion allow the following 
vibrations to be active in the spectral region studied (NaCl and LiF prisms): 


Vibration Symmetry type 


V4 
"3 
1, BE F, 
Vo Vs F, 


Both v, and », are found as single bands in the alkali halide mixed crystals where 
the symmetry of the field is octahedral, i.e. the ion is on site O,; the octahedral 
field cannot remove the degeneracy of the vibrations. As the two bands are not 
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split in the spectrum of the pure NaBH,, the site symmetry of the ion in the lattice 
must be at least tetrahedral; no tetrahedral or octahedral perturbation can remove 
the degeneracy of the F,-vibrations of the ion, although the (possibly non-existent 
in the lattice) rotational levels of the ion are considerably perturbed. The broaden- 
ing of the bands is due to combinations with the lattice modes. 

Both 2v, and », transforms like F,; it is thus possible that the levels of 2y, can 
be perturbed by the levels of », (Fermi resonance). If this happens, the levels are 
shifted away from each other and the intensity of 2v, would increase, i.e. it borrows 
intensity from v,. 


Fig. 4. Above: the isotopic splitting in the deformation mode of the BH,” ion in a KJ. 
matrix, 25° 182°C, Below: the deformation mode of the BH,~ ion 
in the two phases of NaBH,. Phase I at +25°C. - Phase II at 182°C, 


(b) Phase II, The structure of the salt is tetragonal at —182°C but the space 
group is unknown. If we assume STocKMAYER and STEPHENSON’s [2] (see also 


ABRAHAMS and KaLnaJs [6]) theory of the lattice to be correct. the space group 


is V.°(D,,°). The B—H bonds are directed to the second-nearest neighbour sodium 
ions. This is not the most stable structure if electrostatic forces alone are taken 
into account; repulsion probably plays an important role in determining the 


structure. 
In the space group the following sites are allowed: 2C,(16) 
9 


and ©,(16) {11}. Comparison of the subgroups of 7', with the site groups of V, 
shows that the ion can only be accommodated on site V.. The selection rules for 


the fundamentals and combination bands of a tetrahedral ion on a site V, can be 


d 


obtained by the site-group analysis of HaLForp [11] (the harmonic approximation 
used by Hornig [12] leads to equivalent results for the fundamentals). Each F, 


mode splits up into two levels that transform like E and like b,. The band due 


to 2v, should split into three levels, two of which (£) are infra-red active. 


From the spectra we find that each F,-level is split into two levels at 182°C, 


R. S. Hatrorp, J. Chem. Phys. 14, 8 (1946). 
12} D. F. Hornie. J. Chem Phys. 16, 1063 (1949 
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This makes it reasonably certain that the ion is on site V,. The symmetry of the ion 
is no longer tetrahedral but probably tetragonal. This does not alter the selection 
rules as the symmetry of the site is not lower than V,. If the ion is on a site of 
lower symmetry, the selection rules should be completely relaxed and the normally 


inactive y, and vy, should appear (e.g. if the ion is, for example, on a site of symmetry 
C,). 


Conclusions 
From the splitting of the degenerate vibrations of the borohydride ion in the 
salt NaBH, it can be concluded that the SrocKMAYER and STEPHENSON [2] theory 
of the structure of the lattice below the /-point is correct. 
The writer is indebted to the South African Council for Scientific and Indus- 
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The ultraviolet spectra of some methyl-substituted aromatic hydrocarbons* 


R. Norman Jones and Ernest Spinnert 
Division of Pure Chemistry, National Research Council of Canada, Ottawa, Canada 


(Received 12 May 1960) 


Abstract—The ultraviolet absorption spectra of anthracene, phenanthrene, 3:4-benzphen- 
anthrene and several of their methyl and methylene derivatives have been measured at L00°C 
in n-pentane solution and at room temperature in n-heptane solution. The effects of the position 
of methyl substitution on the band envelopes have been analysed. This work is in continuation 
of similar studies on methyl derivatives of 1:2-benzanthracene which have been described 
in a previous publication 
Introduction 

IN THE ultraviolet absorption spectra of condensed-ring polynuclear aromatic 
hydrocarbons, three distinct groups of bands can usually be distinguished below 
45,000 These band groups were first recognized empirically by CLar 1} 
who called them «-, p- and /-systems. Subsequent theoretical work, initiated 
by CouLtson [2] and by KLevens and Part [3], and refined and extended by 
Morritt, Crate and others [4-6] has provided a theoretical basis for this system 
of band classification. 

These electronic band systems exhibit vibrational substructure, and in the 
spectra of methyl-substituted hydrocarbons the contours of the band envelopes 
may be modified by the position of the methyl group. Earlier publications [7, 8] 
from this laboratory have dealt with methyl derivatives of 1:2-benzanthracene (1). 
and it has been observed that for this hydrocarbon the vibrational fine structure 
between 25.000 and 33.000 em~! can be separated into two interpenetrating sets 
of bands. The position of methyl substitution determines the relative intensities 
of the two band sets, and their displacement relative to one another. It has also 
been observed that all the absorption to the low-frequency side of the $-band 
system can be fitted by one such pair of interpenetrating band systems, and it 
has therefore been questioned whether separate z- and p-band systems are 
observed in this spectrum 

rhe present paper deals with a similar study of anthracene (11), phenanthrene 
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(III), and 3:4-benzphenanthrene (IV) together with fifteen of their methyl 
derivatives, and the bridged hydrocarbon 4:5-methylenephenanthrene (V). 


Experimental 

The spectra were measured at room temperature in n-heptane solution and 
at 100°C in n-pentane solution using a Cary model 11M spectrophotometer. 
The experimental technique has been described previously [7, 9]. The majority of 
the compounds were kindly provided by Prof. M.S. Newman and Dr. P. M.G. Bavin 
of the Dept. of Organic Chemistry of the Ohio State University and are listed 
in Table 1. The low-temperature spectra reproduced in this paper have been 
selected to illustrate specific points in connection with the discussion, and the 


complete collection of curves will be published separately [10] together with 


tables of the band positions, separation intervals and intensities. 


Results 
This section is concerned with a description of the individual spectra. The term 
“band progression” is used to describe a set of bands separated by a repeating 


9) R. N. Jones and D. 8. Kerr, Can. J. Chem. 34, 1017 (1956). 
(10) R. N. Jongs and E, Sprxner, Canadian National Research Council Bulletin No. 8 (1960) 


1061 


3! 
4' 8 9 
a 
5 10 4 5 
6 3' 6 
| 3 
2 9 2 . 
| i 10 
I 
VOL. 
16 | 
1960 


R. Norman Jones and Egyest Srinner 


wavenumber interval, such as dy, @,, @,, 43, @,, @, in Fig. 1. The term “band 
series is used to designate a repeating group of successive bands such as ay, b, 
c, in Fig. 1. CLar’s subdivision of the spectrum into a-, p- and f/-band systems 
will be retained, because it is useful for descriptive purposes, particularly where 
the nature and symmetry of the electronic and vibrational transitions are not 
vet known. 

Table 1. Sources and melting point characterizations 


ol compounds studied 


M.P. 


( Source 


Compound 


Anthracene 
1-Methylanthracene 
2-Methvlanthracene 
9-Methylanthracene 
1: 3-Dimethylanthracene 
9: 10-Dimethylanthracene 
Phenanthrene 
4-Methylphenanthrene 
Methy!phenanthrene 91-92-5 
9: 10-Dimethylphenanthrene 144-144-5 
4:5-Methylenephenanthrene 114-115 
3:4-Benzphenanthrene 66-67 
5-Methy1-3: 4-benzphenanthrene 139-141 
6-Methyl-3: 4-benzphenanthrene 
7-Methyl-3: 4-benzphenanthrene 

Methyl-3:4 benzphe nanthrene 
2-Methy1!-3: 4-be nzphenanthrene 

-Methyl-3:4 benzphenanthrene 

5-Dimethy!] 3:4-benzphenanthrene 106-107 

P. M. G. Bayes, The Ohio State University. 
M. 8. Newman, The Ohio State University 


L. F. Freser, Harvard University 
Sample purified in this laboratory. 


Anthracene 


The spectrum of anthracene (Figs. | and 2) consists of two main parts, the 


p-band system extending from 25,000 to 35,000 em~! and the more intense §-band 


system at higher frequencies. A weak «-band system is presumed to lie beneath 


the p-band system [3], but has not vet been observed with certainty. 

The p-band system. The p-band system of anthracene is dominated by a 
prominent progression of six bands (a,, 0 —» 5). together with two weaker 
progressions (b,, O—+3: (}-—» 2). The successive members of these 
progressions are separated by 1440 + 20 cm~!. The b,-a, separation is approxi- 
mately 390 cm~' and the c,-a, separation 790cm~'. These spacings are most 
simply described by a combination of a 1440 cm~' interval (»,) with a 390 cm~! 


interval (v,) as suggested by SrpMawn [11]. Cratc and Hopsrns [12] have shown 


rMAN, J. Chem. Phys. 25, 115 (1956). 
Craie and P. J. Chem. Ss 2300 (1055 
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The ultraviolet spectra of some methyl-substituted aromatic hydrocarbons 


that a, is a 0-0 transition; the a, progression is assigned to a, + nr,, the b, 
progression to d@, + nv, + ¥,, and the ¢, progression to a, + nv, + 2»,. 

The p-band systems of the methylanthracenes are similar (Table 2) though 
substitution at position 2 lowers the band intensities. The relative intensities 
of the a, b and ¢ progressions are not appreciably changed and there are no regular 
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Fig. 1. Ultraviolet spectrum of anthracene at — 100°C in n-pentane solution. 
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Fig. 2. Ultraviolet spectrum of anthracene, suggested system of vibrational analysis. 


displacements in the 6,-a, or c,-a, spacings comparable with those observed for 
methyl substitution in 1:2-benzanthracene [7]. 

Earlier studies of substituted anthracenes have shown that a substitutent 
at position 9 produces a considerably larger bathochromic shift of the a, band 
than does substitution at other positions and it was inferred that the p-band 
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system is polarized along the shorter in-plane axis [13]. This was subsequently 
confirmed by polarization measurements of Craic and Hopsins on anthracene 
crystals [12]. The 0—0 shifts for the methylanthracenes given in Table 3 are more 
accurate than the earlier data, and show the same effect. Crata and Hospsins 
also observed the a, 6 and ¢ band series in anthracene crystals at —250°C but 


Table 


Band separations in the spectra of anthracene and derivatives 
in n-pentane solution at 100°C 


Band separation (em™!)* 


Compound 


Anthracene 1440 L370 1070 
1-Methvlanthracene 300 1430 780 


2-Methyvlanthracene 360 1460 1390 S00 
9-Methvlanthracene 370 1420 1350 

1:3-Dimethvlanthracene 360 1450 1360 740 

9: 10-Dimethylanthracene 370 1430 1320 


* These are averaged values for all the progressions. The individual values are given in reference 10}. 


at —140° only the a and } bands were resolved. Our solution spectra on the 
other hand did not reveal the additional weak bands (C, F,, and G,) which these 
investigators found on the low-frequency edge of the 0-0 band for crystalline 
anthracene at —250°C, These might form part of the missing «-band system. 
The p-band system. The absorption of anthracene above 35,000 em™ is much 


Table 3. Positions of the a, and x, bands in the spectra of anthracene 
and derivatives in n-pentane solution at 100°C 


p-System p-System 


Compound 
Ao Shift * Le Shift * 


(em 1) (em 1) (em 1) (em 1) 


Anthracene 26,570 39,460 


1-Methylanthracene 26,340 230 39,140 320 
2-Methylanthracene 26,440 130 39, LOO 360 
9-Methylanthracene 25,830 740 38,910 550 
1:3-Dimethylanthracene 26,230 340 38,820 640 
9:10-Dimethylanthracene 25,040 530 38,300 1160 


* Displacement from position in anthracene. 


more intense (Fig. 1) and the most prominent band (x,) is the 0—0 transition of the 
f-band system [12]. At room temperature the vibrational structure is not resolved, 
but at —100°C three peaks (xy, x,, z)) and two inflexions (y, y,) are observed. 
The z,-%, spacing (v,) is 1370 cm~! and is presumably associated with the same 


[13] R. N. Jongs, Chem. Rev. 41, 353 (1947). 
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The ultraviolet spectra of some methyl-substituted aromatic hydrocarbons 


type of vibrational excitation as », in the p-band system. The Yo-%o Spacing 
is about 300 cm! but too indefinite for accurate measurement. Methyl substitution 
has little effect on the x and y bands but modifies the zy-band considerably 
(Table 2). In 9-methyl- and 9:10-dimethylanthracene the z,-band is not observed. 
while in I-methyl- and 1:3-dimethylanthracene it is intensified. The Zo-Lo 
separation varies over the range from 740 cm in 1:3-dimethylanthracene to 
1070 cm" in anthracene; possibly the z)-band is not part of the same electronic 
band system as the x- and y-bands, and in the 9-substituted anthracenes it may be 


8-BAND SYSTEM | | 


80) 


Q@-BAND SYSTEM 


MOL. EXT. COEF. x1075 


42 40 36 36 34 32 #30 £28 


WAVENUMBER x 1073 (cm=!) 


Fig. 3. Ultraviolet spectrum of phenanthrene at 100°C in n-pentane solution. 


submerged beneath the 2, band. Scunerper et al. [14], in studies of the spectrum 
of anthracene vapor, noted a shoulder near 40,800 cm~! which may correspond 


to the z,-band in solution. All the #-band system is strongly displaced to lower 
frequency with change from the vapour to solution phase. 


Phenanthrene 


The spectra of several methylphenanthrenes were measured by Askew [15] 


in ethanol solution at room temperature, and the spectrum of phenanthrene 


at — 100°C in n-pentane is shown in Fig. 3. The «-, p- and #-band systems are all 


observed and show vibrational substructure. Our proposed system for the 


identification of the vibrational structure is summarized diagrammatically 
in Fig. 4. 


The a-band system. In the z-band system of phenanthrene two prominent 


progressions a, (n 0 — 3) and b(n 0 —» 2) occur as well as weaker c-, d- and 
e-progressions, all with an interval of approximately 1400em-!. At room 
temperature in n-heptane only the a- and b-progressions are resolved; on cooling, 
the others appear and the a,-bands intensify relative to the b,-bands. 

If the a,-band is identified with the 0-0 excitation, these progressions could 
result from a 1400 cm~! vibration (»,) in combination with intervals of 670 em— 
(v,), 800 (v,) and 1050 (v3). The bands designated e, and e, are assigned 
more tentatively to combinations of », v, and », + v3, + vy. These intervals 


14) J. Fercuson, L. W. Reeves and W. G. Scunerper, Can. J. Chem, 85, 1117 (1957). 
[15) F. A. Askew, J. Chem. Soc. 509 (1935). 
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can be correlated with the Raman-active ground-state vibrations of 1346 cm", 


1037 and 733 


Similar intervals occur in the spectra of the methyl derivatives (Table 4), 
but there are considerable differences in the relative intensities of the bands. 


WAVENUMBER «107? 


$. Ultraviolet spectrum of phenanthrene, suggested system of vibrational analysis 


In phenanthrene the },-peaks are almost as strong as the a,-peaks, but for all 
the methyl derivatives the a,-peaks are considerably stronger. This is shown 
for 9-methylphenanthrene in Fig. 5. This would seem to be a true enhancement 


Table 4. Band separations in the spectra of phenanthrene and derivatives 


in n-pentane solution at oc 


Sand separation (em?) 


Compound 
"4 


Phenanthrene (S00) 1050 1400 : 1060 1430 1220 
4-Methylphen 

anthren (1090) 1380 : 1390 2320 (1050) 
9-Methylphen- 

anthrene 1040 1400 1030 1410 82380) 1210 
9: 10-Dimethyl- 

phenanthrene 1140 1380 36 1380 2370 =61180 


* These are averaged values for all progressions. The individual values are given in reference [10). 


Figures in parentheses are for inflexions, 


of the f-value of the a,-bands and not merely an increase in éma, at the expense of 
the band width. The positional displacements of the 6,-a, spacing vary over 
the range 560 to 710 em~! compared with 200 to 774 in the methyl-1:2- 
benzanthracenes. 

The «-band system of 9:10-dimethylphenanthrene (Fig. 6) shows anomalies 
which may be associated with the strain resulting from the crowding of the 
methyl groups. At room temperature the spectrum is of normal type, but at 

100°C the stronger bands split into doublets with the more intense component on 
the high-frequency side. The separation is about 170cem~'. This could result 
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from a “hot’’ band associated with a ground state vibrational level of 170 em—, 
but when the spectrum was measured at —180°C in a glass of isopentane/normal 
pentane the relative intensities were not significantly changed. 

The p-band system. The p-band system of phenanthrene consists of eight 
bands which appear to form two groups of four each (09, Py», Jo, Tr») repeated after 
an interval of 2280 em- (¥,) (0,, p,, r,), as shown in Figs. 3 and 4. The p-o, 


3 


80 


EXT. COEF. x 


MOL 


WAVENUMBER x 1073 


Fig. 5. Ultraviolet spectrum of 9-methylphenanthrene at — 100°C in n-pentane solution. 
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Fig. 6. Ultraviolet spectrum of 9:10-dimethylphenanthrene at 10O-C’ in n-pentane 


solution. 


q-o and r-o spacings are 360 (y,), 1060 and 1430 em— (v;), respec- 
tively. The spacings and relative intensities are much the same in the spectra of 
the methyl derivatives (Table 4). The intervals », and vz probably correspond 
with », and », in the «-band system, and with the Raman-active ground-state 
vibrations of 1037 em-! and 1346 cm~. The 360 em vibration appears to have 
no counterpart in the «-band system, and although the 1430 em— separation 


occurs in this series it does not appear to play a dominant role in forming a pro- 


gression interval. The 2280 cm~! interval is most unusual and it is difficult to 
correlate with any simple ground-state vibration; it could result from a 0 —» 2. 
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+4... excitation of a non-totally-symmetrical vibration. As will be shown 
later, the prominent 1420 cm! progression interval reappears in the p-band 
system of 4:5-methylenephenanthrene (\V). 

The p-band system. This system exhibits less fine structure. The spectrum of 
phenanthrene at 100° (Fig. 3) shows a single progression of four bands (z,, 
n = with a spacing of approximately 1220 (»,). The separation 
decreases slightly as the progression is ascended. The spectra of the methyl 
derivatives are similar though the structure is less well resolved. 

Other bands. The phenanthrenes all show an additional band (u) lying between 
the p- and f-band systems. Methylation effects this band differently from either 


EXT. COEF. 
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38 
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Fig. 7. Ultraviolet spectrum of 4:5-methylenephenanthrene at 100°C in n-pentane 
solution. 


of its neighbors and it may be associated with a separate electronic transition. 
It resembles the A-band in the spectra of the 1:2-benzanthracenes [7, 8]. 

The spectrum of 4: 5-methyli ne phe nanthrene. The spectrum of 4:5-methylene- 
phenanthrene (V) shown in Fig. 7 exhibits considerably more fine structure. 
This effect has been observed previously in other compounds containing a methylene 
bridge, such as 1':9-methylene-1:2-benzanthracene [7, 16] and fluorene [16]. 
In the z-band system there are numerous sharp bands which can be associated 
with combinations of the intervals 160 em ', 1020em-!, 1390 em"! 
and 1490 cm! [10}. These bands fall into groups which can be identified with 
the a-, b- and c-progressions of the phenanthrene spectrum, though only a, 
remains as a single band and the other bands are split into several components. 


It is probable that the spectra of the other phenanthrene compounds would split 


up in a similar fashion at lower temperature or under other conditions favoring 
increased resolution of the vibrational structure. 

The p-band system of 4:5-methylenephenanthrene also differs in that the r, 
and r, bands are missing and the 0, p, q-band series is repeated twice with the 
recurrent spacing in 1420 em". 

The f-band system exhibits three bands with a spacing of 650 cm~'. The u-band 
is fully resolved and there is a clear indication of a weaker v-band accompanying it. 


16) R. N. Jones, J. Am. Chem. Soc. 67, 2127 (1945). 
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The 0-0 methyl shifts. The lowest frequency band of each band system may be 
tentatively identified with the 0—0 transition [17]. The displacements of these 
bands with methyl! substitution are summarized in Table 5. Methyl substitution 
does not always lower the band frequency, thus the displacement appears negative 
for the xy-band of 4-methylphenanthrene and for the ay-band of 4:5-methylene- 
phenanthrene. The latter compound also shows the maximum positive shift 
for the first band of the p-band system. These data serve to emphasize that 
methyl substitution effects are apt to differ for the «-, p- and -band systems. 


Table 5. Positions of the a», 0, and a2, bands in the spectra of phenanthrene 


and derivatives in n-pentane solution at 100°C 
2-System p-System p-System 
Compound 
Shift * 0% Shift * Le Shift* 
(em!) (em~) (em!) (em?) (em!) (em?) 
Phenanthrene 28,930 34,080 39,650 
4-Methylphenanthrene 28,690 240 33,600 480 39,700 50 
9-Methylphenanthrene 28,740 190 33,700 380 39,340 310 
9: 10-Dimethylphenanthrene 28,5407 390+ 33,470 610 39,090 560 
4:5-Methylenephenanthrene 29,020 90 33,280 800 39,490 160 


* Displacement from position in phenanthrene. 
+ An alternative assignment would be 28,360 em =! with shift of 570 cm~! (see Fig. 6). 


Ill. 3:4-Benzphenanthrene 

The spectra of 3:4-benzphenanthrene and its monomethy! derivatives have 
been measured previously by BapGer and WaLker [18] in ethanol solution 
at room temperature. The low-temperature spectra in n-pentane show more 
fine structure, but the resolution is still poor, particularly for the «-band system. 
The «-, p- and #-band systems are crowded together, and both the «- and p-systems 
fall on the steeply rising shoulder of the stronger f-system (Figs. 8 and 9). 

The a-band system. In the «-band system of 3:4-benzphenanthrene, a,-, b,- 
and c,-progressions are observed, the strongest band being a,. The progression 
interval is 1350 and the 6,-a, and c,-a, spacings are 400 em~ and 
680 cm~! (¥,), respectively. The general pattern of this absorption resembles 
that of the «-band system of phenanthrene, though the spacings are diminished. 

For the methyl! derivatives the c,—a, spacing varies over the range 670-850 em~!. 
The principal progression spacing (v,) is reduced to about 1000 em~ for 5-methy! 
and 4':5-dimethyl-3:4-benzphenanthrene, but, with these exceptions, », and v, 
are little affected by methyl substitution (Table 6). The spectrum of 8-methy]- 
3:4-benzphenanthrene shows an additional small band 350 em~! below a, [10]. 

The p-band system. In 3:4-benzphenanthrene and its methyl derivatives the 
p-band system consists of six bands which lie on the rising shoulder of the #-band 
system. The spacings show no obvious progressional pattern, but the bands show 


7| D. P. Crate, Revs. Pure and Appl. Chem. (Australia) 3, 207 (1953). 
| G. M. Bapoer and I. 8. WaLKEr, J. Chem. Soc. 3238 (1954). 


1069 


"16. 
1960 


R. Norman Jones and Exnxest Srinner 


|| p-@AND SYSTEM | SYSTEM | 


JS -BAND SYSTEM 


— 


38 34 30 25 


MOLECULAR EXTINCTION COEFFICIENT x 


WAVENUMBER x 1073 (em™') 


Fig. 8. Ultraviolet spectrum of 3:4 benzphenanthrene at 100°C in n-pentane solution. 
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some similarity to the first six bands of the p-system of phenanthrene (cf. Figs. 3 
and 8). and the 3:4-benzphenanthrene bands have therefore been labelled 05. Po. 
Jo. To %- If this analogy with phenanthrene is valid, the additional bands 4, 
and r, are submerged beneath the stronger /-system absorption. The spacings 
for 3:4-benzphenanthrene are po, 510 em™ (¥4). 1020 em~! (¥,), and 
1310 

In four of the methyl-3:4-benzphenanthrenes the q,- and ro-bands are not 
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fully resolved at — 100°C, and in this they resemble the spectra of the other com- 
pounds at room temperature. The o0,-band is usually broad and sometimes 


unsymmetrical due to overlap with p,. The 0,-0, spacings (»;) for the methyl- 


3:4-benzphenanthrenes fall in the range 2380-2610 em~! compared with 2280-2380 


em~' for the methylphenanthrenes, 


The j}-band system. There is more fine structure in the $-band systems of 
the 3:4-benzphenanthrenes than in the /-systems of the other hydrocarbons 


Table 6. Band separations for the «- and p-band systems in the spectra of 


3:4-benzphenanthrene and derivatives in n pentane solution at Looe 


Band position (em 


Compound 


Ve Vg Vs Vs Ve Vea 


(4 On) (y (¢ 
Vo 


3: 4-Benzphenanthrene 400 (G80) 1350 (510) 1020 1310 2440 


1-Methyl-3:4 benzphen- 
anthrene (TOO) 1330 (380) 1010 1260 2590 
2-Methy!-3:4-benzphen 
inthrene (420) (750) 1380 (490) (1130) 1320 2560 
5-Methyl-3 : 4-benzphen- 
anthrene 340 670 990 $40) . 2610 
VULie 6-Methyl-3: 4-benzphen- 
16 anthrene 430 830 1360 L000 (L190) 2380 
7 Methy! 3:4-benzohen 
inthrene (570) S50 1330 (380) 11407.. 2430 
8-Methyl-3:4-benzphen- 
anthrene (220) O80 (1230) (480) . 12807.. 2460 
4°: 5-Dimethyl-3 : 4-benz 
phenanthrene 450 L050 (220) .- 1270T. 2570 


* Figures in parentheses are for inflexions. 
* Asymmetrical blended band 


considered in this paper. Five bands (x, —2,) are observed for the low-temperature 
pa] 0 4 | 
spectrum of 3:4-benzphenanthrene between 41,000 and 35,000 cm~'. These would 


appear to constitute a single progression but the spacings show a tendency to 


increase as the progression is ascended (Table 7) indicative of negative anharmo 


nicity. All the methyl-3:4-benzphenanthrene show this effect, but it is most 


noticeable for the 4':5-dimethyl compound for which the intervals increase 


Other bands. The 3:4-benzphenanthrene spectra also show two bands (u and v) 


from 1100 cm~! for x,-x, to 1900 em~! for x 


on the low-frequency side of z,. The spacings suggest these are not part of the 


p-system (viz. the missing g,- and r,-bands), but are analogues of the uw- and v-bands 


of phenanthrene and are labelled accordingly. There is also an additional band 


at the high-frequency end of the spectrum (band-z) which is manifestly part 


of another electronic transition. 


The 0-0 methyl shift. As for phenanthrene, the a 0,- and x,-bands are 


tentatively identified with the 0-0 transitions of the three electronic states. 
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Table 7. Band separations for the /-band system in the spectra of 
3:4-benzphenanthrene and derivatives in n-pentane solution at oc 


Band separations (em™~')* 


Compound 
| 


3:4-Benzphenanthrene 1390 1250 1600 
1-Methyl-3: 4-benzphe nanthrene 1300 1570 1490 
2-Methyl-3:4 benzphenanthrene 1350 1380 1610 
5-Methyl-3: 4-benzphenanthrene (1260) (1510) (1450) 
6-Methyl-3 : 4-benzphenanthrene 1310 1510 1490 
7-Methyl-3: 4-benzphenanthrene 1340 1330 1420 
8-Methvyl-3:4 benzphenanthrene 1330 1360 1400 
4’:5-Dimethyl-3: 4-benzphenanthrene (1300) (1660) (1900) 


Figures in parentheses are for inflexions 


Table 8. Positions of the ay, o, and x, bands in the spectra of 3:4-benzphenanthrene 


and derivatives in n-pentané at oc 


x-System p-System f-System 
Compound 


Shift * 0 Shift * i Shift* 


0 
1) 1) (em™?) 


(cm tem fom 
3:4-Benzphenanthrene 26,870 30,490 35,380 
1-Methyl-3:4-benzphen 

anthrene 26.570 300 30.390 35.150 

Methyl-3 4-benzphen 

anthren 26,690 180 30,170 35,140 
-Methy1l-3: 4-benzphen 

anthrene 26,630 240 29,730 34,760 

Methyl-3: 4-benzphen 

anthrene 26,660 210 30,500 10 35.160 
7-Methyl-3:4-benzphen 

anthrene 26,770 100 30,390 100 35,160 

}-Methy1-3: 4-benzphen- 

anthrene 26,7307 140+ 30,150 340 34.880 
4’:5-Dimethyl-3: 4-benz- 

phenanthrene 25,95 940 29,150 1340 34.110 1290 


* Displacement from position in 3:4-benzphenanthrene. 
+ An alternative assignment of a, would be 26,450 cm~! with shift of 420 cm 


The displacements of these bands with methyl substitution are summarized in 
Table 8. For the monomethy! derivatives the o, and x, displacements are maximal 
for substitution at position 5, and for this compound a planar structure is impossible 
without distortion of the C—CH, bond angle; BapGer and WALKER [18] have 
associated the large 0-0 shift for this compound with the steric effect and in 
conformity with this we observe a still larger methyl shift for the highly hindered 
4':5-dimethyl compound. The sequence of these methyl shifts for the various 
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band systems has been computed by BapGer and WALKER, and by Peters [19] 
from molecular-orbital and valence-bond theory, but the agreement with the 
experimental results is not always satisfactory. 


Discussion 

The vibrational bands have been considered above for the individual compounds. 
The spectra all exhibit some common features as well as individual differences. 
and in this concluding section we shall review them collectively in relation to the 
spectra of 1:2-benzanthracene and naphthalene. 

The absorption of phenanthrene and 3:4-benzphenanthrene below 35,000 em—! 
consists of distinct p- and «-band systems associated with different electronic 
transitions. In this region of the anthracene spectrum only the p-band system is 
distinctly identified though the two additional weak bands noted by Cratc and 
Hossrns in the spectrum of the crystal could be part of a missing z-band system. 

Several investigators have made detailed studies of the spectrum of naphthalene, 
the most recent measurements being those of McCLure [20] on highly dispersed 
solid solutions of naphthalene in durene, and of Craic and collaborators [21, 22] 
for the vapor and crystalline states. For technical reasons these investigations 
have dealt only with the «-band system and the beginning of the p-band system 
near 34,000 cm-'. Superficial observation of the spectrum of 1:2-benzanthracene 
suggests some analogy with that of naphthalene, with the two bands of lowest 
frequency constituting the -band system, followed closely by the p-system, 
and Platt and KLevens have assigned the electronic transitions in these terms [3]. 
Numerical analysis of the vibrational spacings indicates that more probably all 
the absorption of 1: 2-benzanthracene between 25,000 and 35,000 constitutes 
a single electronic system with two sets of interpenetrating vibrational systems. 
Alternatively there could be two electronic band systems but, unlike the usual p- 
and «- systems, both would have to be of comparable intensity. 

Between 35,000 and 45,000 cm~! one intense band system is observed for 
anthracene, phenanthrene and 3:4-benzphenanthrene with poorly resolved 
vibrational structure. The spectrum of 1:2-benzanthracene in this region is 
superficially similar to these, but there is again evidence of two interpenetrating 
sets of vibrational levels. For naphthalene the electronic system analogous to 
the above is displaced upwards near 45,000 cm~. These spectra also exhibit a 
few additional bands which, from their intensities and the directions and magnitudes 
of their displacements on methyl substitution, are thought to involve separate 
states of electronic excitation. These include the u- and v-bands of phenanthrene 
and 3:4-benzphenanthrene, and the 4-band of 1:2-benzanthracene, all of which 
occur on the low-frequency edge of the f-band system. In addition there is the 
anomalous z-band in the spectrum of anthracene. 

In general the introduction of a methyl substituent induces only a minor 
displacement on the vibrational band spacings (<200 em~'), though it can cause 


[19] D. Perers, J. Chem. Soc. 646, 1993, 4182 (1957). 
{20} D. 8S. McCiure, J. Chem. Phys. 22, 1668 (1954). 
[21] D. P. Craic, J. M. Howwas, M. F. Repies and 8. C. Warr, Jr., Proc. Chem. Soc. 361 (1959). 
[22] D. P. Craic, L. E. Lyons, 8. H. Watmsiey and J. R. Wats, Proc. Chem. Soc. 389 (1959). 
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a very considerable change in the relative intensities of the vibrational! sub- 
structure, and these intensity changes are sensitive to the position of methyl 
substitution. More significant changes occur where the introduction of the methyl! 
substituent causes steric strain. Increase in the resolution of the vibrational 

The work of McCiure. and of Craig and collaborators has shown that the 
z-band system of the naphthalene spectrum is long-axis polarized with respect 
to the electronic excitation, but coupling occurs with the excited-state vibration 


structure when a methylene bridge is present is particularly striking. 


levels to give rise to three distinct interpenetrating series of bands. One of these 
is long-axis polarized while the other two involve short-axis polarized vibrations. 
The electronically short-axis polarized p-band system of naphthalene is simpler, 
and for this all the active vibrational excitations are also short-axis polarized. 

The detailed analyses of the naphthalene spectrum provide a model for the 
interpretation of the spectra of the more complex polynuclear aromatic hydro- 
carbons, but these spectra cannot be analysed until adequate techniques have been 
worked out to determine the directions of the excitation vectors for both the 
electronic and vibrational transitions; it will also be necessary to obtain the 
spectra under conditions where the vibrational structure is more completely 
resolved. In this paper we are only attempting to deal with the partially resolved 
vibrational structure in a descriptive fashion. It is, however, relevant to speculate 
about the possible influence of the molecular symmetry on these spectra by 
analogy with the more perfectly understood conditions obtaining in naphthalene 
and anthracene 

Because of the D,,-symmetry of naphthalene and anthracene, and the 
C,,- symmetry of phenanthrene and 3: t-benzphenanthrene, it can reasonably be 
assumed that all the in-plane electronic and vibrational excitation vectors will be 
polarized along one or other of the principal in-plane symmetry axes, (Vla-VId), 
and that the interaction of these electronic and vibrational states will be controlled 
by rigid selection rules. The observations on the spectra of the methylanthracenes, 
methylphenanthrenes and methyl-3:4-benzphenanthrenes lead to the conclusion 
that for these hydrocarbons methyl! substitution does not appreciably affect the 


spectroscopically active energy levels. Nevertheless, the position of methyl 
substitution does affect the relative intensities of the vibrational bands considerably 
and this may indicate that it reduces the molecular symmetry sufficiently to relax 


some of the selection rules. 

Unlike the other polynuclear aromatic hydrocarbons considered here, 1: 2- 
benzanthracene has no in-plane elements of symmetry. Because of this, the 
in-plane axes of electronic and vibrational polarization will probably lie askew to a 
rectangular co-ordinate system set up symmetrically with respect to the anthracene 
moiety (Vle). It is probable, though not necessary, that the orientation of the 
polarization axes will be such that the angle 6, of Vie will lie between 6, of VIe 
and zero. Under these circumstances the selection rules governing interaction 
between electronic and vibrational levels in the excited state will be less rigid 
and the vibrational structure more complex. Furthermore, the mass effects of the 
methy! substituent on the vibrational levels in the electronically excited molecule, 
as well as the electronic effects of the methy! substituent on the distribution of the 
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electron charge density, may be more sensitive to the position of the methy] 
substituent than is the case for the more symmetrical hydrocarbons. Under these 
conditions methyl! substitution may appreciably perturb the directions of the axes 
of both electronic and vibrational polarization and these changes need not 


necessarily occur in the same direction. The greater sensitivity of the 1:2- 
benzanthracene spectrum to the effects of methyl substitution could result from 
causes of this kind, and similar effects should obviously be sought in other poly- 


nuclear aromatic ring systems of low symmetry, such as 3:4-benzpyrene. 
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Abstract—The infra-red absorption spectra of N-trideuteroborazole and B-trichloro-N -trideutero- 
borazole have been recorded across the rock-salt and potassium bromide regions and an 
assignment of major absorption peaks has been made. Comparison between the frequencies of 
fundamentals of borazole and N-trideuteroborazole has shown that revisions must be made for 


a few assignments hitherto accepted. 


Introduction 


THe Raman and infra-red spectra of borazole were recorded by CRawrorp and 
EpsALL |1], who carried out a satisfactory assignment of most of the fundamentals. 
Later, Price ef al.{2), using a high-resolution prism spectrometer, re-examined the 
infra-red spectra and succeeded in bringing out many important features which the 
former authors were unable to observe, especially in the short-wavelength region 
where overtones and combination frequencies appeared. These results have paved 
the way for the studies on a number of newly synthesized borazole derivatives [3). 


In a previous study [4] undertaken as part of a programme of physicochemical 


investigations on borazole and its derivatives [5-7], we have calculated the dis- 
tribution of potential energy among various internal co-ordinates for each normal 
mode of vibration of a borazole molecule as well as of a B-trichloroborazole 
molecule. Based on these calculations, the assignments of observed infra-red 
absorptions of B-trichloroborazole to fundamentals were carried out. The present 
investigation has been undertaken in order to confirm, if possible, these assign- 
ments by observing the infra-red absorption spectra of N-trideuteroborazole and 
B-trichloro-N-trideuteroborazole. The results have shown that revisions must be 
made for a few assignments hitherto accepted. 


B. L. Crawrorp, Jr. and J. T. Epsaur, J. Chem. Phys. 7, 223 (1939). 

W. C. Price, R. D. B. Fraser, T. 8S. Ropryson and H. C. Lonever-Hieerys. Discussions Faraday 
Soe. 131 (1950). 

H. J. Becner and 8. Frick, Z. anorg. u. allgem. Chem. 295, 83 (1958); G. E. Ryscnxewrrscn, J. J. 
Harris and H. H. Sister, J. Am. Chem. Soc. 80, 4515 (1958); M. J. Brapiey, G. E. Ryscukewrrscu 
and H. H. Stsier, Jbid. 81, 2635 (1959). 

H. Watanabe, M. Narisapa, T. NakaGawa and M. Kuso, Spectrochim, Acta 16, 78 (1960). 

K. Iro, H. WaTaNaBE and M. Kuso, J. Chem. Phys. 32, 947 (1960). 

H. WaTANABE and M. Kuso, J. Am. Chem. Soc. 82, 2428 (1960). 

H. Watanase, K. Iro and M. Kuso, J. Am. Chem. Soc. 82, 3294 (1960). 
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Infra-red absorptions of N-trideuteroborazole and B-trichloro-N-trideuteroborazole 


Preparation of materials 
B-trichloro-N -trideuteroborazole 


B-trichloroborazole (7 g) prepared by Brown and LavuBENGAYER’s method [8] 


was dissolved in 70 ml of monochlorobenzene. Ten grammes of commercially 
available 998°, pure heavy water 
excess phosphorus trichloride during several hours. Deuterium chloride thus 


1-1043) was added drop by drop to 


evolved was mixed with dry nitrogen and was introduced through a trap cooled 


with a mixture of acetone and dry ice into the solution of B-trichloroborazole. 


The absorption of gaseous deuterium chloride took about 10 hr. The solution was 


refluxed for 10 hr to remove hydrogen chloride. During this process, approxi- 
mately 40 per cent of hydrogen was replaced by deuterium as estimated from the 


intensity of infra-red spectra. The exchange process was repeated seven times, 
until the band at 3442 cm~! attributable to the NH stretching vibration was 
hardly observable. 


N-trideuteroborazoli 

B-trichloro-N-trideuteroborazole (4g) was dissolved in triethylene glycol 
dimethyl ether and was reduced with NaBH, (3-3 g) in the same manner as already 
reported [6]. N-trideuteroborazole thus formed was distilled in vacuum and was 
collected in a trap cooled with the mixture of acetone and dry ice. The infra-red 


spectra described below showed that deuterium atoms attached to nitrogen were 


not subject to exchange during the reduction. 


Absorption measurements 
Infra-red absorption was recorded over rock-salt and potassium bromide 
regions with an infra-red spectrometer (DS-301 type) from the Optical Research 


Institute, Tokyo Kyoiku University. The spectra were observed in solutions, 


both carbon disulphide and carbon tetrachloride being used as solvents. N-tri- 


deuteroborazole was studied also in the gaseous state using a gas cell of 10 em in 


length. In order to improve the accuracy of wavenumber readings, four different 


pressures were employed. 


Results and discussion 


N-trideuteroborazole 


The observed frequencies of this compound are listed in Table 1. The frequencies 


of fundamentals and their assignments are given in Table 2. Since the Raman 


spectra of the deuterated compound were not observed, the frequencies belonging 


to the species A,’ were estimated from the data of borazole. Those belonging to 


the species E” were calculated as described below. The results were used for the 


interpretation of combination bands. 

Bands at 2607 and 2527 cm~'! were assigned to the ND and BH stretching 
vibrations, respectively, because the BH stretching frequency is expected to be 
affected only in an inappreciable manner by substitution of hydrogenatomsattached 
to nitrogen with deuterium. The strongest band at 1436 cm~ was unequivocally 


[8] C. A. Brown and A. W. LauBEeNGAyYER, J. Am. Chem. Soc. 77, 3699 (1955). 
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assigned to the characteristic band »,, of a borazole ring. The frequency »,, of 
borazole at 1605 ecm is predicted to show only an inappreciable isotope shift. 
Accordingly, either a band at 1605 em~! or that at 1589 em~! observed for deuter- 
ated borazole must be assigned to v,,. Since the spectra observed in solutions in 


Table 1. Infra-red absorption of N-trideuteroborazole 


in the gaseous state 


Wavenumber 
Intensity * Assignment * 
} 


(cm 
2865 
2607 


2423 

2310 

2252 “Ol 
2188 l 

2021 15 
1908 

1805 l 

1605 l 

1589 l 

1436 (PQR) 
1342 
1330 
1290 
1280 3 

1184 ‘1(PQR) 
1075 

1065 (PQR) 
917 

S99 20 (POR) 
791 0-7 

710 0-3 (PQR) 
547 15 (PQR) 
509 0-2 


4 


"20 


Veo OF 


OT Vig 


Veo OF Vig 


* Intensities are expressed by approximate relative values. (PQR) 
indicates that branches were resolved. 
+ The numbering of bands are made after Herzeenc [9). 


carbon tetrachloride showed a single peak at 1588 cm~!, the fundamental frequency 
Was presumed to appear at 1589 

From the intensity and the shape of absorption curves, it is concluded that 
the bands of borazole at y,, = 918 cm-' and »,, = 718 cm~' have their counterparts 
at 899 and 547 cm~' for N-trideuteroborazole, respectively. However, this con- 
tradicts the calculated isotope shifts based on force constants evaluated by 
CRAWFORD and Epsa.u [1] and suggests the inadequacy of the assignments by 
these authors that the planar NH bending has a higher frequency than that of 
the planar BH bending. Price ef a/. [2] seem to have been suspicious about this 


9) G. Herzperc, Molecular Spectra and Molecular Structure Vol. Il. Infrared and Raman Spectra of 
Polyatomic Molecules. Van Nostrand, New York (1945). 
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Infra-red absorptions of N-trideuteroborazole and B trichloro-N-trideuteroborazole 


point and did not give a conclusive assignment. The present investigation by 


means of comparison between isotopic compounds gives conclusive evidence in 
favor of a revised assignment that the higher frequencies, 918 and 899 em-!, 
showing a smaller isotope shift, correspond to the BH bending frequencies of 
borazole and deuterated borazole, respectively, and that the lower ones, 718 and 


547 cm~', showing a greater isotope shift originate from the planar NH and ND 


Table 2. Assignment of fundamentals of borazole and N-deuteroborazole 


Wavenumber (em™) Assignments 


Species, 


fundamentals CRAWFORD 


PRICE 
B,H and 


Present authors 
et al 


EDSALL 


3490 2607 NH stretching 
2530 2527 stretching 
"13 1605 1589 BN stretching 
< 1465 1436 BN stretching 
"15 918 S99 NH bendg. {NH, BH| BH bendg. 
"16 718 547 BH. bendg. | bendg. } NH bendg. 
V9 519 509 ting distortn. 
i Ve LOSS 1065 NH_ bendg. BH bendg. 
VOL. A,” Vg 649 547 bendg. NH bendg. 
16 415 (355)* BN torsion 
vy 3450 (2620)* NH stretching 
Vo 2535 (2520)* BH stretching 
Vg 938 (930)? | Ring distortn. | 
851 (840)* BN stretg 
Vas 1070 (1054) * NH _ bendg. BH bendg 
Vi9 798 (682)* BH bendg. bendg 
Veo 288 (250)* BN torsion 


* Calculated from the observed data of borazole and the 


constants evaluated by new assignments 
4 


calculated isotope shifts based on force 


i’stimated from the frequencies of borazole. 


bendings. respectively. This is consistent with the conclusion derived below that 
the non-planar BH bending is on the higher wavenumber side than the non- 
planar NH bending vibration. The calculation of potential-energy distribution for 


borazole [4] has indicated that ring deformation is mainly 


responsible tor y 


17° 
This band is expected to show a very small isotope shift. Therefore, 


a band 
observed at 509 em~! corresponding to a weak band of borazole at 519 em— was 
attributed to this mode of vibration. 


In this way, all planar vibrations that are active in the infra-re« 


1 spectrum have 
been adequately assigned. In addition, one should expect three infra-red-active 
non-planar vibrations. There is a good reason* for believing that 


vg appears at a 


higher frequency than 935 em~'. Accordingly, either an absorption peak at 


* As described below, v, must be smaller than 547 em~! and smaller than 405 Therefore. 
the product rule leads to the conclusion that », is greater than 935 em .. 
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1065 em~' or that at 1075 cm~! must be assigned to »,. Since the latter almost 
disappeared in the spectrum of solutions, the peak at 1065 em-! was assigned to 
this mode of vibration. Mention should be made that the isotope shift is fairly 
small. On the other hand, the isotope shift of vy, must be greater than 100 em=, 
because no band was observed between 649 and 547 cm. The product rule 


B, H,N,H,) 
suggests that y, should be observed in the wavenumber range above 460 cm—. 


Accordingly, ry was presumed to be masked by an intense broad band at 547 em— 
already assigned to the planar ND bending vibration. This interpretation is 


Table 3. Calculated isotope shifts of non planar vibrations 


Wavenumber for 
Species, Lsotope shift N -deuteroborazole (em 1) 
fundamentals (em™') 


obs 


547 


405 


supported by the calculation of non-planar vibrations described below. From 
these isotope shifts, it must be concluded that », and vg correspond, respectively, 
to the non-planar BH bending and NH (or ND) bending vibrations in contradiction 
with CRawrorp and Epsa.u’s assignment in the reverse order. The BN torsional 
vibration 9 of N-trideuteroborazole must have escaped detection, because it 
appears beyond the limit (405 cm~') of observation in the present investigation. 


Calculation of the jreque neies of non-planai vibrations 


Two revisions of assignments already made suggest that a similar revision 
should be made for infra-red-inactive non-planar BH bending and NH (or ND) 
bending vibrations as shown in Table 2. The calculation of force constants from 
the data of borazole (without using those of N-trideuteroborazole) in terms of 
these new assignments gave h, O28, hy 0-245 and x 0-098 10° dyn/em. 
Notations and the method of calculation were the same as employed in a previous 
report 4) The isotope shifts calculated by using this new set of force constants 


are shown in Table 3. The results justify the presumptions already made that Vy 


was masked by »,, and that »,, was not observed. 


B-t ichloro-N-trids ule roborazole 


The observed frequencies of absorption maxima are listed in Table 4. A band 
at 2570 cm~' was assigned unequivocally to the ND stretching vibration vy. The 
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strongest band at 1410 cm~! having a shoulder at 1424 cm~ bore strong resemblance 
in shape to a strong band of B-trichloroborazole at 1442 cm~'! and was assigned to 
V3, & characteristic band of a borazole ring. Another characteristic band of the 
ring ¥,, appeared at 1575 cm~', corresponding to a band of B-trichloroborazole at 
1613cm~'. The planar NH bending »,, of B-trichloroborazole absorbing at 
1032 cm! has its counterpart at 813cm~! in the spectrum of B-trichloro-N- 
trideuteroborazole. The potential-energy distribution [4] indicates that the BN 


Table 4. Infra-red absorptions of B-trichloro-N -trideuteroborazole 
in carbon tetrachloride solution 


Wavenumber 
Intensity Assignment 


strong Vy 
weak 
weak 


medium 
strong | 
very strong | 
weak 
medium 
1270 weak 
1255 fairly strong 
1240 weak 
1223 medium 
813 strong 
805s weak 
759 weak 
737 strong 
719 weak 
680 weak 
657 medium | 
650 fairly strong | 
503 fairly strong 


* Shoulders are indicated by sh. 


stretching vibration coupled with the BCI stretching »,, of B-trichloroborazole 
suffers only an inappreciable isotope shift. Accordingly, a band of B-trichloro-N- 
1 was assigned to this mode. A band at 650 em~! 
with a shoulder at 657 cm~ showed a striking resemblance in its shape and intensity 
to that of B-trichloroborazole at 647 em~' having a shoulder at 654 em~. Accord- 
ingly, it was interpreted as the first overtone of »,,. This mode is a ring distortion 
coupled with the BCI stretching and is rather insensitive to isotopic substitution. 
The shoulders may be interpreted as arising from boron isotopes. 

Since all planar vibrations observable in the wavenumber range under in- 
vestigation have been properly assigned, only three infra-red-active nonplanar 
vibrations, v,, v, and 5, remain to be assigned, of which the last one is expected 
to have a too small wavenumber to be observed in the present investigation. A 
fairly strong band at 503 cm~! was presumed to correspond to a fairly strong band 


trideuteroborazole at 737 cm 
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of B-trichloroborazole at 706 cm~', which was interpreted as v,, the non-planar 
NH bending frequency. The isotope shift is great, because the motions of hydrogen 
or deuterium atoms are involved. From intensity considerations, a band at 1223 
cm~' was presumed to correspond to a band of B-trichloroborazole at 1217 em~. 
Since the latter was interpreted as v,, the frequency of the non-planar BC] bending 
mixed with the non-planar NH bending vibration, the observed isotope shift is 
reasonable. 

Prominent absorption peaks still left to be assigned are those at 1255 and 
1281 em~'. The product rule excludes the assignment of either of these to »,. The 
intensity and the shape of absorption peaks lead one to consider that these two bands 


correspond to those of B-trichloroborazole at 1335 and 1376 cm~* already inter- 


preted as combination bands. 
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The infra-red spectrum of fluorine cyanide 


R. E. Dopp and R. Litre 
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Abstract—The three fundamental vibration bands of the linear molecule FCN have been 
observed as follows: @, 2290, w, 1077 and », 449cem™!. The doublet band at 1077 em= has 


been resolved and the rotational constant B, is compared with the value from microwave 


absorption. Force constants are evaluated and discussed. 


Tne fundamental vibration frequencies of the halogen cyanides CICN, BrCN and 
ICN have been known [1] since 1936 but fluorine cyanide has probably not been 
prepared until recently [2]. The infra-red spectrum of fluorine cyanide was used 
for its positive identification and the fundamental frequencies are clearly of 
interest in completing the series of halogen cyanides. On the basis of extrapolation 
of force constants OrvILLE THomas [3] predicted m, = 2294 and w, 1052 em-; 
and Lurt [4] calculated = 410 


Experimental 

Infra-red absorption spectra were measured to 15u with a Grubb Parsons 
GS2 double-beam spectrometer: for maximum resolution single-beam illumination 
was used. Beyond 15yu a single-beam GP 83 spectrometer was used with a potass- 
ium bromide prism. 


The products of the fluorination of cyanogen were distilled and the fractions 
subliming at 5 mm in the range —120°C to —130°C were shown to contain, among 
a number of other products, a compound giving rise to three bands at wave- 
number values 2290, 1077 and 449 cm. Although it has not proved possible, 
with the low yields so far obtained, to separate this component, it is evident from 
the spectra of various fractions that the three bands belong to the same species. 
They occur in the expected regions: the two at higher frequency have 
P R-doublet contours with no Q-branch and a doublet separation of 24 em 
which is compatible with the expected dimensions of the FCN molecule. The 
band at 449 cm~! shows a strong Q-branch and the weak P- and R-maxima are 
separated by about 20 cm~!. We have not yet been able to produce the material 
in sufficient purity to enable measurements of overtone and combination fre- 
quencies. 

The band at 1077 cm-! was favourably placed for resolution with the 2500 
line/in. grating (blazed for maximum energy at 9 in the first order) which is 
employed in the GS2 spectrometer. The grating was carefully calibrated in this 


[1] W. G. Penney and G. B. B. M. SurHertanp, Proc. Roy. Soc. (London) A 156, 654 (1936). 

[2] E. E. Aynstey, R. E. Dopp and R. Lirrie, Proc. Chem. Soc. 265 (1959); F. S. Fawcerr and R. D. 
Lipscoms, J. Am. Chem. Soc. 82, 1509 (1960). 

[3] W. J. Orvitite THomas, J. Chem. Phys. 20, 920 (1952). 

[4] N. W. Lurr, J. Chem. Phys. 21, 1900 (1953). 
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region by reference to the work of Gartne ef al. [5] on ammonia at an effective 
resolution of 0-1—0-2 em~. Our theoretical resolving power corresponds to a slit 
range of 0-3 em=! but this was clearly not achieved. Fig. 1 shows the degree of 
resolution which was achieved. From 62 lines, values of the differences A, F’(/) 

RJ) P(J) and A, F’(J) RJ 1) P(J + 1) were plotted against J (Fig. 2). 
Straight lines indicate that the centrifugal stretching constant was too small 


9-254 


Fig. 1. The 9-28 «~ band for FCN. Numbers correspond to J in the P-branch and to J + | 
in the R-branch. 


to be detected. Linear regression lines from the combination differences gave 
values of the rotational constants: 


B 0-001, O-3515 0-001 
Fig. 2 also shows R(J 1) + P(J) plotted against J*. The linear regression line: 


RJ 1) + P(J) = 2m, + 2(B’ B")J? 


gave: 1076-3 and B B’ 0-0027 0-001 


Discussion 


The absence of a Q-branch in the resolved band at 1077 cm~ indicates a linear 


molecule and the contours of the three bands correspond to parallel modes at the a 
two higher frequencies and to a perpendicular mode at the lowest frequency. The ; 
assignments are therefore: 


= 2290, = 1076-3 and om, = 449cm™ 


The vibration-rotation band assigned to m, was of particular interest since in 
preliminary measurements there appeared to be a discrepancy between the values 
of the rotational constant obtained from the structure of @, and from the micro- 
wave absorption of FCN [6]. Discrepancies of this sort have been found for 


5) J. S. Garrunc, H. H. Nrevsen and K. N. Rao, J. Mol. Spectrosc. 3, 496 (1959). 
6| J. SHermpan, J. K. Tyver, E. E. Aynsitey, R. E. Dopp and R. Lirrie, Nature 185, 96 (1960). 


1084 


Mies \ 

| 

| \ 950 


The infra-red spectrum of fluorine cyanide 


rotational constants obtained from bands in which the vibration is principally a 
stretching of the C—X—Y in CH,:C:O [7], CH,:N:N [8] and CD,:C:CH, [9], and 
fluorine cyanide appeared to provide another example. Careful calibration, 
however, has now shown that there is no discrepancy within the limits of our 
experiments. Thus the value of By = 03515 + 0-001 agrees with the 
microwave value of 0-3521 em (10,554-2 Me/s) [6]. By way of confirmation of 
this result we remeasured the vibration-rotation band , for nitrous oxide at 


R(J-1) + Pl) 


S 6 7 8 8 20 2 22 23 24 25 26 


— 


Fig. 2. Combination differences for the 9-28 mu band of FCN. 


1284-5 em (this does not appear to have been covered by recent high-resolution 
work) and obtained B, = 0-4203 + 0-001 em as compared with the microwave 
value of 0-4190 cm~ and the value of 0-4182 cm! obtained by Herzeere [10] 
from PLYLER and BarKeEr’s data [11] for this band. It appears therefore that the 
unexplained shift in B,-values found in keten, diazomethane and dideuteroallene 
does not extend to FCN and N,O. 

Fig. 1 shows that a line appears near the centre of the w, band of FCN. PLyLer 
and Barker [11] explained the similar occurrence of a line near the centre of the 
o, band of N,O as due to the 7-7 transition m, + o, — w, (for which AJ = 0 is 
permitted) and no doubt the same explanation applies to FCN. 

Force constants have been derived from the three fundamental frequencies 


[7] P. E. B. Burier, D. R. Eavon and H. W. Tuompson, Spectrochim. Acta 18, 223 (1958). 
[8] W. H. Frercner and T. P. Garret, J. Chem. Phys. 25, 50 (1956). 

{9} D. R. Eaton and H. W. Tuompson, Proc. Roy. Soc. (London) A 250, 39 (1959). 
{10} G. Herzpere, Infra-red and Raman Spectra p. 396. Van Nostrand, New York (1945). 
{11} E. K. and E. F. Barker, Phys. Rev. 38, 1827 (1931). 
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For the stretching modes, if the interaction constant k, = 1-3, then ky = kex 
17-6 and k, = key 9-3 mdyn A~! compared with k, = 16-3 and k, = 9-2 mdyn 
A-1 when k, = 0. For the dimensions r(C-—F) and r(C—N) 1-165 A 
were taken from the microwave measurements [6] in which the C-—-N distance was 
assumed, on the basis of the *N quadrupole coupling, to be somewhat greater 
than it is in CICN. With these distances, k, = 0-37 « 107" dyn em rad“ and 
0-23 mdyn A-, 

The force constants key, including key, for the halogen cyanides lie very 
closely on a straight line when plotted against the ionization potential of X. This 


correlation between ionization potential and force constant is well known in 
diatomic molecules and is also found for the B—X stretching constants in the 
boron halides and for the C—Y stretching constants in CO,, CS,, CSe,, CTe,, and 
mixed carbon chalcogenides [12]. When the C—N stretching constant in FCN is 
evaluated with a reasonable interaction term it is greater than key in the other 
halogen cyanides (16-7, 16-9 and 16-7 mdyn A- for CICN, BrCN and ICN, respec- 


tively) when k, = 0. Correction for k, would raise the value for CICN to about 17-2 
and thus key is seen to increase smoothly with ionization potential of X, in the 
same direction as the slight increase in the C—N distance. 

The considerable shortening of the C—N distance relative to that in CH,X, 
the slight lengthening of the C—N distance, and the decrease of the *N quadrupole 
coupling constant, in the series ICN, BrCN, CICN and now FCN, has been taken 
to imply the increasing participation of the structure X*=C=N-, on going from 
X =I to X =F. On the other hand this might be expected to lead to an increase 
in the bending force constant k, whereas we find that k, for FCN is less than 
for CICN (0-40 dyn em rad-') and equal to k, for BrCN. Another objection to 
X*—C=—N°- is that its supposed importance runs contrary to the trend of electro- 
negativity of X. The implied shift of charge is in the wrong direction. CASABELLA 
and Bray [13] have shown that the quadrupole couplings of "I, *'Br, Cl and 44N 
in gaseous ICN, BrCN and CICN can be accounted for in terms of the structures: 


X+—C=—N-, X—C=N and X-Ct=N 


in relative importance 8 per cent, 85 per cent and 7 per cent for CICN. While the 
third structure suggests a reasonable charge distribution it does not contribute 
to the decrease in the number of unbalanced p-electrons (or the decrease in the 


T. J. Chem. Phys. 30, 105 (1959). 
(13) P. A. Casapecra and P. J. Bray, J. Chem. Phys. 28, 1182 (1958). 
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field gradient at the nucleus) which is required by the reduction in the magnitude of 
the *N quadrupole coupling constant from 3-63 Me/s in CICN [14] to 2-67 in FCN [6]. 
On the other hand a distribution of charge which is implied in such structures as 
F~ C=N* and F—C-=N* does contribute to a reduction in the “N coupling 
constant and it is possible to account for the observed value by calculations 
similar to those of CasaBELLa and Bray if either structure is given about 25 per 
cent weight compared with 75 per cent F—C=N. It is possible that the low 
value of k; compared with N,O or CO, on the one hand, or CICN on the other, is 
due to the relative unimportance of the double-bonded structure. 


Acknowledgement—-We are indebted to the Department of Scientific and Industrial Research 
for a maintenance grant to R. L. 


[14] C. H. Townes and A. L. ScHawLow, Microwave Spectroscopy p. 617. McGraw-Hill, London (1955). 
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The effects of inductive and steric factors on the infrared spectra 
of aliphatic nitrocompounds 


W. H. Lunn 


Chemistry Department, McGill University, Montreal, Canada 
(Received 29 June 1960) 


Abstract—Two pairs of linear relationships are described with respect to aliphatic nitrocom- 
pounds, one between the NO, symmetrical and asymmetrical stretching vibrations, and the 
other between the NO, asymmetrical stretching frequencies and the corresponding Taft o* 
values. The nature of these correlations in the case of substances possessing the structure 
R(CH,),CNO, (R other than H) is indicative of their possessing fixed conformations. 


Brown [1] attempted to relate the NO, symmetrical and asymmetrical stretch 
bands of aliphatic nitrocompounds without much success except with a few classes 
of compounds and it was suggested that this failure in correspondence is due to 
coupling between the C—N stretching and NO, symmetrical stretching modes. 
BeL_LaMy and WILLIAMS [2], in view of the limited correlations mentioned, consider 
the reason to lie more likely in dipole and steric effects arising from the small size 
of the nitrogen atom and the subsequent proximity of « substituents to the oxygen 
atoms of the nitro group. This latter suggestion is in contradiction to the extremely 
low value of about 6 cal/mole found [3] for the potential barrier to rotation about 
the C—N bond in nitromethane. 

Indeed, a plot of these two frequencies (Fig. 1) yields two straight lines, one for 


primary and secondary aliphatic nitrocompounds, RNO,, and the other for 
substances of structure R(CH,),CNO,. Consideration was limited to those com- 
pounds where the Taft o* values of R and R(CH;),C are positive in order to avoid 
complications due to the alteration of slope occurring at the point where o* is zero. 


The formulae for these regression lines, assuming the NO, asymmetrical stretching 
frequency values to be of minimal error, are 
RNO, Yeym = 3262 — 1-213 


R(CHg,),CNO, Yeym = 2310 — 0-622 


asym 


the correlation coefficients being 0-940 and 0-856 respectively, these values being 
greater than those required for the 99-9 per cent and 99 per cent levels of significance 
in deviation from zero slope. There is also reason to believe that a few of the 
frequencies assigned to the symmetrical modes may be in error and that reappraisal 
would give truer and higher correlation coefficients. 

The discrepancies found by Brown would therefore appear to arise from the 
unfortunate manner in which the mean frequencies for classes of compounds were 
used rather than the values for individual substances. The errors encompassed in 


F. Brown. Ja... J. Am. Chem. Sox 77, 6341 (19055). 
J. Bettamy and R. L. Wriuwiams, J. Chem. Soc. 863 (1957) 
R. J. Myers and W. D. J. Chem. Phys. 25, 42 (1956). 
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such an approach are understandable, and, of the three linear relationships 
advanced by Brown, only the one of negative slope is an approximation to reality. 

Recently BeLtamy [4] has shown that the O—H stretching frequencies of 
aliphatic carboxylic acids can be correlated in a linear fashion with the inductive 
effects of substituents as measured by Taft o* values. Similar relationships have 
been described by O’SuLLIvAN and SappLeR [5] in the case of the C—O and 
N=O stretching modes of aliphatic methyl ketones and nitrocompounds. It 
appeared, therefore, that one may expect the asymmetric NO, stretching vibra- 


1400 


@ RNO2 
RICHy) 


Vv NO, symm stretch 


V NO, asymm. stretch (cm™')——- 


Fig. 1. The correlation between the two NO, stretching frequencies of the aliphatic 
nitrocompounds RNO, and R(CH,),.CNO,. 


tions of aliphatic nitrocompounds to fit with a pattern of the same nature, especially 
when one considers the limited linear correlation mentioned by BELLAMY and 
WILLIAMS [2] between the positions of these bands and those of the methyl! ketones 
and nitrocompounds discussed above. 

Further plots, this time of the NO, asymmetrical stretch frequencies against 
the respective Taft o* values give the two very satisfactory straight lines shown 
in Fig. 2. In the case of the «x dimethyl compounds the o* values used were those 
of the corresponding RCH,NO, substances and, presuming the two cases to be 
analogous, this should give rise to a straight line (middle, discontinuous line in 
Fig. 2) parallel to that obtained for primary and secondary materials but laterally 
displaced by + 0-2 o* units (+0-1 o* units per methyl group). The regression 
lines obtained, again assuming the values of the NO, asymmetric stretching 
frequencies to be of minimal error, accord to the equations 

RNO, Yeorm = 21°37 1550-7 

R(CH,),NO, Yasym = 23°92 o* + 1538-5 
with correlation coefficients 0-987 and 0-981 respectively, both values being 
greater than that required for the 99-9 per cent level of significance in deviation 
from zero slope. 


Thus the lateral displacement decreases as o* increases but it is always greater 


L. J. J. Chem. Soc. 4221 (1955). 
[5| D. G. and P. W. Sapper, J. Chem. Soc. 4144 (1957). 
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than (2 o* units within the range covered. The additional displacement 
corresponds to vertical shifts of frequency ranging from —10-5 em~ at zero o* to 
2 at o* equal to 2 
It is tentatively suggested that there is freedom of rotation about the C-—N 
bond in primary and secondary aliphatic nitrocompounds; however, in the 


tertiary compounds this rotation is quite feasibly hindered to the extent that the 
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molecules are held in the fixed conformation shown in Fig. 3, all the bonds 


involved in the structure R being coplanar. Thus the electrostatic 
() 


interaction between R and O atoms would play a greater role in establishing the 


R 


CH, 


Fig. 3. The suggested rigid conformation for aliphatic «x dimethyl nitrocompounds 


except any 2-nitropropane 

NO, stretching frequencies than in the primary or secondary substances, where 
this configuration exists for only a small portion of each rotation, since o* is also 
a measure of the electron density at R. 

This explanation is in agreement with the greater slope encountered for the 
VYacym : &* relationship of ax dimethyl compounds and the fact that this frequency 
for H(CH,),CNO, falls outside 0-1 per cent confidence limits established at zero 
o*. That the displacement of the line is greater than + 0-2 o* units for all the 
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Table 1. The NO, stretching frequencies (em™) of primary and secondary aliphatic 


nitrocompounds, RNO,, together with the corresponding Taft o* values of R 


NO, str RNO, 


Infrared 


Ref 


As\ Syvmm 


C,H,CHCH, 1548 1359 7 


2 (CH,),CH 020+ 1553 1359* [7, 8] 
3 CH, H, 0-13* 1550 1379 7 
4 (CH, ne He H, 0-137 1548 1379 [7 
5 1553 1385 [8] 
6 CH,CH, 0-107 1550 1368 [8 
7 cyclo CgH,,CH, 0-064 1553 1383 [7] 
CH, 0-007 1567 1379 [8] 
4 C,H, (CH,), 0-024 1550 1381 [7] 
10 0-08+* 1553 379 [7] 
1] C,H,CH(OCH,)CH, + 1550 379 [1] 
12 Cc H. H(OH)C H, 0-17 L555 1379 [1] 
13 CH, H(OH)CH, 0-187§ 1555 1370 [1] 
14 H, 0-237 1556 1375* fl, 7] 
15 C, oH, (CHC H, 0-342§ 1560 1379 [1] 
16 ICCHC, 0-592§ 1560 1368 [7] 
17 oH, OOCCHC H, 0-618 1563 1361 [7] 
18 C, OOCCH, 0-712 1568 1373* [7, 8] 
19 C, OOCT HC oH, 0-938 1567 1361 [7] 
20 Cc »H, CHC! 0-938 1570 1340 [8] 
21 Cc H,C HCl + O0-95§ 1570 1348 [1] 
22 C,H,CHNO, 1-29§ 1582 1330 [1] 
23 CH,CHNO, 1-30§ 1587 1337 [1] 
25 1-392§ 1580 
26 CCl, 1-84§ L587 1325 
27 HH, ‘le 2-287§ 1597 1339+ 
28 2-587 1607 131133 [9 
29 CCl, 2-654 1610 1307 [9 


+ Values from Tart [6] to two significant figures. 

t Calculated on basis that o*(R) 2-8 o*(RCH,). [10 

§ Calculated on basis of additive nature of ¢* values 11 

© Means of frequencies obtained from the sources indicated. 

Tt CHCl, solution; all other values are those for pure liquids. 

++; Estimated from positions of vapour bands by comparison with the vapour/liquid shifts in chloro- 
picrin and bromopicrin. [9] 


compounds considered is presumably due to a dampening effect inherent in such 
a conformation, as is demonstrated by the reduction in both of the NO, stretching 


[6] R. W. Tart, Jr., Steric Effects in Organic Chemistry (Edited by M. 8. Newman) p. 619. Wiley 
New York (1956). 

[7] N. es mM, H. E. UNenape and R. A. Sruvciey, J. Org. Chem. 21, 377 (1956). 

[8] R. N. Haszecpine Chem. Soc. 2525 (1953). 

‘o) J. be ASON and J. Dt NDERDALE, J. Chem. Soc. 759 (1956). 
[10] R. W. Tarr Jr., Steric Effects in Organic Chemistry (Edited by M. 8. Newman) pp. 593 and 595. 

Wiley, New York (1956). 

[11] R. W. Tarr, Jr., Steric Effects in Organic Chemistry (Edited by M. 8. Newman) pp. 592 and 623. 
Wiley, New York (1956). 
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frequencies in these dimethyl compounds. The “conformational effect”’ is either 
independent of or at least less dependent on o* than is the electrostatic effect, 
since the latter tends to overshadow the former at higher values of «*. In fact, the 
line obtained for the dimethyl compound meets the theoretical discontinuous one 
at 1613 cm~', this being fairly close to the convergence point for the two ¥ym:Vasym 
curves where the position of the NO, asymmetrical stretching band is 1608 em. 

The NO, asymmetrical stretching frequency of nitromethane falls outside 
(1 per cent confidence limits set at o* equal to zero on the RNQ, line in Fig. 2, 
and it is suggested that this is due to the relatively small mass of R in this case 
since the positions on the C—N and both NO, stretching bands in the vapour- 
phase spectrum of trideuteronitromethane [12] differ from those of nitromethane 
vapour | 13]. 


Table 2. The NO, stretching frequencies (em™) of aliphatic nitrocompounds of structure 
R(CH,),CNO, together with the Taft o* values for corresponding RCH, groups 


NO, str. R(CH,),CNO, 
R o*(RCH,) Infrared 


Asymm. Symm. 


CH,CH, 0-12+ 1534 1351 
CH, 0-10+ 1541 1345¢ 
H 0-004 1553 13599 
CH,CH(OH) 1543 1353 
HOCH, 0-207 1543 1353 
C,H; 0-237 1546 1351 
O,NC(CH5), 0-435§ 1546 1344 
O,NCH(CH,) + 0-465§ 1550 1344 
O NCH, -O-50F 1550 1346 
C,H,OOC 0-713 1553 1351 
40 Cl 1565 13419 
41 1-407 1572 1330+ + 


+ Values from Tart [6) to two significant figures. 
Calculated on basis that o*(R) 2-8 o*(RCH,). 10 
Calculated on basis of additive nature of o* values. [11 
Means of frequencies obtained from the sources indicated. 
++ CHCl, solution; all other values are those for pure liquids. 


URBANSKI has claimed [14] to have demonstrated hydrogen bonding between 
the nitro group and the hydroxyl function in various nitroalcohols. The peak 
at 1567 em~! advanced as characteristic of nitroparaffins is clearly in disagreement 
with the figures given in Tables | and 2. The data given by Brown [1] for nitro- 
alcohols fit the r,,,._:0* equations very well, though it may be assumed that the o* 
value given by Tart [6] for HO(CH,), incorporates, to some extent, the effects of 
hydrogen bonding. Also there is no evidence for the depression of the symmetrical 
NO, stretching frequency to 1319-1310 em"! stated to arise in the hydroxy 
compounds, since Brown's results lie very close to the lines shown in Fig. 1. It 


12| T. P. Wiison, J. Chem. Phys. 11, 361 (1943). 

13} D. C. Smrrn, C-Y. Paw and J. R. Nrevsen, J. Chem. Phys. 18, 706 (1950). 

[14) T. Unpansxi, Hydrogen Bonding (Edited by D. Hanzi and H. W. Tuompson) p. 143. Pergamon 
Press, London (1959). 
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would thus appear that the hydrogen bonding in nitroaleohols, demonstrable by 
the broad, low-intensity bands at 3450-3330 cem~!, whatever its nature, does not 
affect either of the NO, stretching frequencies to any marked extent. 

As for prediction of o* values, the frequencies stated | 1] for O0,NOCH,CH(C,H;)- 
NO,, 0,NO(CH,),CCH,NO,, O,NOCH(C,H,)CH,NO, and O,NO(CH,),CCH(CH,)- 
NO, indicate o*(O0,NOCH,CH,) to be +-0-41, this being the mean of 0-32, 0-33, 
0-56 and 0-42 respectively. Values calculated for the two isolated cases C,H,;CH- 
(COOCH,)CH,NO, and ON(CH,),CCH(CH,)NO, are suggestive of o*(CH,COOCH,) 
and o*(ONCH,CH,), being of the order of +-0-7 and +-0-3 respectively. 
Acknowledgements—The author is grateful to the National Research Council of Canada for a 
scholarship held at this time, and to Dr. J. T. Epwarp for his encouragement and advice. 
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Ultra-violet and infra-red spectra of substituted 
isoindigos and indirubins 


P. W. SADLER 
Courtauld Institute of Biochemistry, The Middlesex Hospital, London, W.1 


(Received 5 May 1960) 


Abstract—A series of substituted isoindigos and indirubins has been synthesized and their 
ultra-violet and infra-red spectra recorded. An analysis of these data has been made with 
reference to the related indigoid compounds. Changes in the spectra produced by substitution 
indicate that both locally excited states and electron transfer states contribute to the wave- 
function of the excited state but that the electron transfer states predominate in indigo and 
indirubin. The infra-red spectra indicate the presence of isatintype intermolecular bonds in 
the indirubins which is in agreement with the X-ray analytical data. A similar type of bonding 
occurs in the isoindigos leading to the formation of sparingly soluble linear polymers. Unlike 
the substituted indigos where both the 4- and 7-substituents sterically hinder the formation 
of stable intermolecular bonds, only the 4-substituents exert a noticeable effect in the isoindigos 
which results from the non-coplanarity of these molecules. Few steric effects are observed in 
the indirubins. 


To opratn further information regarding the nature of the chromophore in indigo 
(1), the related indirubins (I]) and isoindigos (111) have been examined. 


Indigo itself is a resonance hybrid of several canonical forms [1] (IV-VII) some 
of which may be described as locally excited states the others as electron-transfer 
states, but although both types contribute to the wave-function of the excited 
state it is difficult to assess individual contributions. That resonance involving 
relatively unstable structures with separated charges contributes to the production 
of colour in indigo, is indicated by the effect of solvent upon the position of 
absorption maximum, i.e. it absorbs at lower frequencies with increasing dielectric 
constant of the medium. The trend toward longer wavelengths, results from the 
greater stability, hence an increasing contribution, of the ionic structures in the 
more polar solvents. A study of the effect of substituents on the absorption 
maxima is fruitful, for if electron transfer states of the form 


| 
} 


[1] P. W. Sapuier, J. Org. Chem. 21, 316 (1956). 
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predominate, then substituents will affect the energy level of the excited state either 
by (a) increasing or (b) diminishing electron release from the nitrogen atom or 
electron withdrawal by the carbonyl group. Provided that the substituents have 
relatively little influence on the ground state it would be expected that (a) would 
lower the energy of the excited state, thus causing a shift in the absorption maximum 
to longer wavelengths the reverse being the case for (b). Table | contains the main 
absorption spectra data for some 5:5’-substituted dyes. It can be seen that all the 
substituents quoted produce bathochromic shifts in 2,, with the exception of 5:5’- 
dinitroindigo which produces a marked hypsochromic shift and is in fact quite red. 
In this molecule, structure (VIII) presumably contributes considerably to the 


o- 
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resonance in the excited state, diminishing the availability of electrons on the 
nitrogen atom and reducing their tendency to flow to the carbonyl group. Hence, 
the energy of the excited state is raised in relation to the ground state and absorp- 

; tion takes place at shorter wavelengths. The reverse is the case for other sub- 

: stituents quoted in Table 1, e.g. chlorine in the 5- position tends to increase the 
availability of electrons on the nitrogen atom their transfer to the carbony! group 
being facilitated, causing a smaller energy difference between the excited and 
ground states and therefore producing a bathochromic shift in ,. 


4 7 Table 1. Absorption spectra data of 5:5’-substituted indigoid dyes in tetrachlorethane 


Substituents “s 
(my) (mys) 
; None 605 16,580 I85 
5:5’-Dinitro 580 290 
5:5’-Dimethyl 620 14,340 295 
5:5’-Difluoro 615 17,820 300 
:5’-Dichloro 620 17.950 290 
5:5’-Dibromo 620 18.050 290 
:5’-Di-iodo 610 295 


35 
5:5’-Dimethoxy 645 305 
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In general, substituents in the 6:6'-positions in indigo produce equal and 
opposite effects to those in the 5:5’-positions. The shoulder to the 4, peak forms a 
third peak in these compounds at 400 my due to the conjugation of the substituent 
in the 6-position with the carbonyl group as in (IX). The principal spectral data 


for some 6:6'-substituted dyes are given in Table 2. With the exception of 6:6’- 
dinitro indigo, the substituents all produce a hypsochromic shift in 2,. This may be 
explained by structures such as (IX) contributing to the resonance of the excited 
state. This would discourage the flow of electrons from imino to carbonyl groups, 
thus raising the energy of the excited state in relation to the ground state and 
thereby causing absorption to occur at shorter wavelengths. The reverse is the 
case for the 6:6'-dinitro compound, a bathochromic shift resulting. Therefore, 
substituents in 5:5’- and 6:6'-positions indicate that electron transfer states 


Table 2. Absorption spectra data of some 6:6’-substituted indigos in tetrachlorethane 


49 


Substitutents (mys) “2 


(my) 


None 605 16.580 285 25,500 
}:6’-Dinitro 635 290 - 
-Dimethy] 595 8750 285 22,000 
i’-Di-iodo 590 19,100 290 
i’-Dibromo 590 17,300 305 29,030 
i’-Dichloro 590 14,860 305 26,370 
)’-Difluoro 570 12,920 295 17,020 
i’-Dimethoxy 570 10,480 282-5 22,110 


contribute largely to the excited state, structure VII being of particular impor- 
tance. This conclusion is supported by the N:N’-substituted alkyl and acyl 
compounds, for electron releasing substituents on the nitrogen atom produce 
bathochromic shifts in /,, e.g. N:N’- dibenzyl-, N:N’ dimethyl-, and N:N’-diphenyl- 
indigo have /,, at 660 my, 645 my and 630 my, respectively, whereas N:N’- 
dibenzoyl- and N:N’-diacetyl indigo (i.e. groupings which tend to withdraw 
electrons from the nitrogen atoms) produce hypsochromic shifts having their 
absorption maxima at 575 my and 545 muy, respectively. 

Another method of enquiry into the nature of the chromophore is the investiga- 
tion of steric effects in these and related molecules. BRAvDE classified steric effects 
in u.v. spectra into two types. Type I which occurs when steric hindrance to 
planarity is weak, is characterized by a decrease in absorption intensity only. 
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Type II, produced when steric hindrance in strong, is characterized by a hypso- 
chromic shift as well as a decrease in absorption intensity. Now both 4- and 7- 
substituents with atomic radii greater than that of fluorine hinder sterically in 
the indigo molecule, but they hinder the formation of inter-molecular bonds [2] 
and they do not affect the planarity of the molecule. The anomalous spectral 
shifts which are observed in these compounds may derive partly from this but 
additional ortho-inductive effects between the substituents and the carbonyl- and 


Table 3. Absorption spectra data of some substituted indirubins in tetrachlorethane 


Substituents 


(my) (my) (my) 


None 550 2: 367 4740 296 
-Methy] 552 707 367 4500 296 
'-Trifluoromethy! 548 10,640 367 6093 296 
5’-Methyl 552 6900 370 4270 297 9 400 
5’-Methoxy 551 7960 368°! 5090 299 23,610 
6’-Methyl 550 8400 368 6430 295 22.930 
6’-Chloro 568 11,650 367 5930 299 28,700 


7’-Methy! 555 10,620 376 5460 290 29,010 


imino-groups are mainly responsible. However, in the isomeric indirubins and 
isoindigos, substituents in certain positions might be expected to affect the planarity 
of the molecule, and as in the case of indirubin many structures both locally 
excited and electron transfer (X—XII) are similar to those contributing to the 
excited state of indigo, further information might be obtained by a study of 
spectral changes brought about by non co-planarity. There is no doubt that the 
indirubin molecule (II) adopts the trans-configuration as shown by the erystallo- 
graphic analysis carried out by von ELLER-PANDRAUD [3] so some interaction 
would be expected between the carbonyl group of the indoxy! half of the molecule 
and a 4’-substituent; but rather surprisingly, the 4’-methyl- and 4’-trifluoro- 
methyl- indirubin were found to have spectra differing little from the parent 
compound. The substituents quoted are in the isatin half of the indirubin molecule 
and in general show similar spectral shifts to those reported by Manarnt and 
PassERINI [4] for the parent isatins. The low-frequency absorption band is 
shifted hypsochromically in comparison with 7, of indigo and there is also a 
diminution of band intensity, which suggests that structure (XII) is the main 
chromophore in these compounds. This conclusion finds support in the data 
for the 6’-chloro compound, for this substituent is conjugated with the imino 
group in the indoxyl half of the molecule which tends to increase the electron 
density on the nitrogen atom and facilitates the flow of electrons to the carbonyl 
group. The energy of the excited state is thus lowered and a bathochromic 
shift of 18 my in /, results; ¢, is also the highest recorded in this group of com- 
pounds. Hence, as a 6’-chloro substituent produces an equal but opposite effect in 


[2) 8. J. Hort and P, W. Sapier, Proc. Roy. Soc. (London) B 148, 495 (1958). 
H. vow Compt. rend. 246, 787 (1958). 
[4] A. Manerni and R, Passerint, Boll. Sci. fac. chim. ind. Bologna. 9, 51 (1951). 


1097 


» 
4 


P. W. SavLer 


indirubin as does a 6-chloro substituent in indigo they may both be considered to 
be acting upon similar electron transfer structures, ie. VII and XII, respectively. 

Although the expected steric effects are not observed in indirubin they are 
manifest in isoindigo. Here again both locally excited states and electron transfer 
states may contribute to the wave-function of the excited state, the chromophore 


in this case being that of a conjugated diketone. Steric effects should affect the two 
types of transition differently It has been claimed [5! that if the transition is to an 
electron transfer upper state, steric hindrance will result in a decrease in absorption 
intensity but possibly no shift in the band position. If locally excited upper states 
are involved on the other hand, a steric effect will give rise to a large hypso- 
chromic shift of the band position. On this basis therefore steric hindrance to 
planarity will give rise to BravupeEs’ Type I effect when the transition is to an 
electron transfer state, and to a Type II effect when the transition involves locally 
excited states 


5100 396-5 10.200 
SOS0 
6440 2.5 10.810 273 410 
10.200 27: 21.150 
9.5 8050 24.4010 
$240 11.600 100 
4500 S00 


4500) 


Reference to Table 4 shows that the 4-methyl substituent produces the latter 
effect as /,, and suffers a hypsochromic shift of 30 mu: é, is also considerably 
reduced. Hence, it may be inferred that the species which contribute to the 
excited state of isoindigo are predominantly of the locally excited kind. 

Unfortunately there is not time to discuss here all the spectral modifications 
which result from substitution in the indirubin and isoindigo molecules, but 
perhaps brief mention may be made of their hydrogen-bonded forms. The presence 
of the isatin-type dimer [6] in indirubins has been substantiated both by infra-red 


5) J. N. Murrey, J. Chem. Soc. 3779 (1956). 
6) D. G. O'SuLiivan and P. W. Sapier, J. Chem. Soc. 2202 (1956). 
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spectroscopy and by X-ray crystallographic analysis [3]. In addition, if inter- 
molecular bonds of the indigo type [2] were involved, N-methylindirubin would 
exhibit enhanced solubility, whereas it is the N’-methyl compounds which are 
readily soluble. Similar hydrogen-bonded forms in trans-isoindigo result in the 
formation of sparingly soluble linear polymers; quite soluble compounds result on 
N-methylation. 4-Substituted isoindigos are also relatively soluble because as a 


result of non-coplanarity there is a decrease in conjugation which weakens the 
resonance-stabilized hydrogen bonds. Although in the infra-red many correlations 
obtain between o-values of substituents and carbonyl! frequencies in indoxyls {7}, 


oxindoles [8] and isatins and their derivatives [9] (i.e. the component parts of 
indigo, indirubin and isoindigo) and in addition it has been substantiated that 
such effects may be transmitted through the type of linkage occurring in these 
molecules [10], hydrogen-bonding effects outweigh the normal substituent effects, 
so the expected o—» correlations are not observed. 


71 8. J. Hour. A. E. Keuurm, D. G. O’Suiiivan and P. W. Sapuier, J. Chem. Soc. 1217 (1958). 
8! A. E. D. G. and P. W. Sapier, J. Chem. Soc. 3309 (1956). 
7) . O'SULLIVAN and P, W. Sapier, J. Org. Chem. 22, 283 (1957). 


10 _G. O'SULLIVAN and P. W. Sapuier, J. Org. Chem. 21, 1179 (1956); J. Chem. Soc. 2916 (1957). 
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process caused by granularity a photoplate emulsion has been 
function PR ya si \ photometer was charac 
system with rectangular slit f tion (2ps, 2/) and by an RC-filter 
“ui time cor together with constant scanning 

orted by scanning with the photometer to ,c.*, 


is distorted to A deflexion criterion 


1/2 


in the background grain noise 
tions on a photometer to maximalize detectability it 


ndent of emulsion characteristics. Both slit ter p 2s 


, rr, are to be taken to equal unity. The extent of detectability 
conditions was shown to be iret \ proportional to the constant p 
pro] ortional to the square om if the ratio band half w dth 2s to the 


lation distance «, and 


distance »> the squa ‘ of slit to the corr 


proportiona >The variance 


1. Introduction 
Ix specTROscoPY the problem often arises of detecting weak spectral lines in the 
background of grain noise on a photoplate by means of an automatic photometer. 
In the present paper optimal conditions will be discussed maximalizing this 
detectability. 

The main parts of a photometer influencing any input function will be the 
optical slit, scanning speed of the photoplate, detector and amplification system, 
filter and chart speed. Earlier papers discuss the influence of these photometer 
parameters on the distortion of several input functions, namely 

signal without noise (Gauss- and Lorentz-shaped signals defined as intensities) 


noise without signal, due to granularity of the photoplate, whereby noise was 


characterized by a correlation function | 2}; 

signal — Gaussian noise, signal defined as Poisson sum of any single signals [3]. 
It was assumed that the optical-slit system may be described by a rectangular 
slit function S(y,, 

Ye) 1 if ps and Ys (1) 
0 elsewhere 

* This work was supported by the Swiss National Foundation for the Advancement of Science 
(project no, 1254). 

+ Present address: Department of Pure Chemistry, National Research Council, Ottawa, Canada. 
1} K. Fret and Hs. H. GUnrnarp, J. Opt. Soc. Am. In press (1960). 


2) K. Fre: and Hs. H. GUnrnarp, Helv. Chim. Acta 42, 1194 (1959). 
(3) K. Fre: and Hs. H. GUnwrnarp, Helv. Chim. Acta 41, 1998 (1958). 
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neglecting any diffraction effects. This assumption will always be fulfilled if 
large slit heights 2/ and slit widths 2ps are used. 
A simple low-pass RC-filter with transfer function F(a) 


(1 with time constant 7 RO (2) 


was chosen to represent the noise damping network, together with constant 


scanning speed v, and constant chart speed v.,. In each case it was assumed that 
1 2 


the detector and amplification system contributes nothing to distortion of signal 
and noise. 


Furthermore the assumption was made that only weak lines are to be 
investigated. Moreover background intensity was assumed to be sufficiently high, 


so that total intensity of background plus signal falls into the normal region of 


the emulsion characteristic. In this case the transmission of the plate may be 
approximated [3] by 


(%, Ly) pl (x) (3) 


where 7, r;, %) is the transmission of the background. p is a constant depending 


on Ty) and on “speed” of the emulsion: I(x,) denotes the shape function of 
signal intensity. 


All these assumptions are assumed to hold also in the present case. 


2. Deflexion criterion 


To optimalize detectability a criterion has first to be chosen describing detecta- 
bility. In the present paper a deflexion criterion & is taken t| and defined in the 
following manner 


k VM Ty Imax | (4) 


where number of observations: 
oT vse 7’. signal + noise defined as optical transmission, distorted by 
optical slit (subscript s) and filtering (subscript f): 
variance of stochastic variable of granularity, 


distorted by slit and filter: 
ensemble average: 


| max peak height of distorted output function; 
absolute value. 


3. Evaluation of | .(2’) 


Following equation (3.32-1) [3] one obtains for the ensemble average of noise 
signal the expression 


Ty pK [V(—mK, 0) P(mK) 
(1 exp imKx'(v,/v,)}] P ol g(x’) (5) 


[4] J. L. Lawson and G, E, UnLeNBEcK, Threshold Signals. MIT Radiation Laboratory Series Vol. 24, 
Sec. 7.3, p. 161. MeGraw-Hill, New York (1950). 
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Here ,,/ .(x’) denotes the transmitted intensity of signal alone (defined as Poisson 
sum of single signals), distorted by slit and filter. Equation (5) gives 


| T'. Imax P Imax (6) 


The expression [{,,/ (2) max means the peak height of the distorted signal and is a 
function of slit parameter p = 2ps/2s and recording parameter « = s/rv,. It is 
discussed as p. in the investigation on signal without noise [1]. 
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Fig. 1. Variance wax of the distorted stochastic variable ,;7y as a function of slit para- 


meters 2 ps. rail and recording parameter “4 


4. Evaluation of |,,0,|'* 
The stochastic process of granularity on a photoplate was assumed to be 
described by an isotropic correlation function of the form 


x 


R(x) T +r) T(r) dr = sin (7) 


where o,? is the variance of 7',(2,, x,) on the photoplate and x, denotes the correla- 

tion distance. The stochastic variable 7'\(2,, 2.) is defined as optical transmission 

of the plate. If measured with a photometer it will endure some distortion. The 

variance _c,* of the distorted output function ,,7',(2’) may be calculated for the 


asymptotic case [2] 7,4 l to be 


ox? = tan (xa/ub) + (b/a) — (1/a)}] (8) 
with a = (1 + _ 


The expression (,,7y/e,)y~? has been plotted against x and yu in Fig. 


5. Optimalization of the deflexion criterion k 


The deflexion criterion equation (4) can be rewritten using the already tabulated 
functions in convenient forms 


k 4/(n)pl Q(p, «, x, (9) 


1102 


: 
= 
iG 

| 


Detectability of weak spectral lines on a photoplate measured with a photometer 


where Q(p, = [ol g/g 


The four dimensionless variables p, «, x and uu obey the equation 


7 pre (10) 


Hence three new independent variables may be chosen: 


u = ps/Xo, ratio of slit width 2ps to twice the correlation distance Ze: 
= ratio of distance to correlation distance x,; 
w= 8/,, ratio of band half width 2s to twice the correlation distance x 


To optimalize the detectability criterion k, the function Q@(u,v,w) has to be 
maximalized. Because of the complexity of the analytical expression Q(u, v, w) 
a graphical method was used.* Q(u, v, w) was plotted against the two variables a 
and v, setting w as fixed parameter at the three values 10. 102 and 103. The 
resulting Fig. 2 shows that for each value of w there exists one maximum of Q, 
defining a point 


Lodopts leja fixed (11) 


0 


This point leads to the optical scanning conditions of the photometer such that 
detectability k will be at its maximum. 


2 3 2 3 
10 10° «(10 10 10° «10 10 10° 
U = 9S/Xo U = U = Q9S/X_ 
Fig. 2. Lines of equal Q(u, v, w) as a function of slit parameter u ps/x,_ and v TV; /Zq. 


For the fixed parameter w 8/x, the three values 10, 10? and 10° are chosen. 


6. Conclusions 


If ANd Qmax (p8/Xo)opt, are plotted against 
parameter w = 8/x, as is done in Figs. 3, 4 and 5 one obtains the simple results 


ps, Loopt xX (8s Xo) (12) 
(7? Lo)opt x (8 Lo) ( 13) 
Qmax = (p8/Xo)opts o)opt] oc (s/x,)'/2 (14) 


That means that the optimal scanning conditions (p,«) of the photometer to 
reach maximal detectability are independent of plate emulsion characteristics. 
Optical slit width 2ps has to be chosen to equal the half width of the band to be 


* Assistance in numerical calculation by Messrs. A. v. ZELEwsKy, M. Dosier and J. P. Es ARFAIL 
is gratefully acknowledged. 
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detected (p = 1). Scanning speed v, and time constant 7 of the low-pass RC-filter 
are to be taken that their product equals s (x = 1). Emulsion parameters enter 
into the problem inasmuch as the maximally obtainable detectability k is directly 


proportional to emulsion constant p, directly to the square root of the ratio of 


band half width 2s to twice the correlation distance x,, directly proportional to 
the square root of the ratio of slit height 2/ to twice the correlation distance Xo 
and indirectly proportional to the variance o, of the undistorted stochastic 


id Omax 22 


10 10 10° 10 10° 10° 
10 10 105 
W = S/X, 


Fig. 3. Optimal slit width par- Fig. 4. Optimal recording par- Fig. 5. Qmax Ql (ps/xo) opt. (7?,/ 
ameter ( 98/2, + a function of ameter opt a8 a function of as a function of the ratio 
the ratio of band half width 2s to the ratio of band half width 2s to of band half width 2s to twice the 
twice the correlation distance x,. twice the correlation distance x,. correlation distance 2 


0 


variable 7',. Moreover the extent of detectability is directly proportional to the 
original signal intensity /, and to the square root of the number of observations. 
From the flatness of the hills described in Fig. 2 one may conclude that the loss 
of detectability & is less than 10 per cent of its maximal value, if only one of the 
two scanning parameters p and « is held at its optimal value whereas the other 


will be lowered to more convenient regions. This fact may be important in practice 


if the shape parameters of the signals to be detected are not allowed to be distorted. 
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RESEARCH NOTES 


Infra-red spectra of some metal carbonyls in n-heptane solution— 
structure of mercury cobalt carbonyl 


(Received 30 May 1960) 


It was shown in the case of dicobalt octacarbonyl [1] that the resolution of the NaC! 
prism is inadequate for the study of the infra-red spectra of the metal carbonyls in the 
C—O stretching region. These compounds possess chiefly very narrow bands which are 
often separated by only a few cm~ units. 


We have reinvestigated the solution spectra of some simple metal carbonyls in the 
spectral range between 1800-2200 em~! by the use of a LiF prism, at a spectral slit width 
of about 2em~'. Solution spectra have the advantage that the PQR structure of the 
bands is absent, and also involatile carbonyls can be compared. 


In a search for the most suitable solvent. the apparent half-band-width of the single 
infra-red-active (/,) C—O stretching fundamental of Ni(CO), was determined in the common 
solvents. The results are shown in Table 1. Apparently saturated hydrocarbons are much 


Table 1. Wavenumber and apparent half-band-width of the 


(fy) C—O stretching fundamental of Ni(CO), in various solvents 


Av} 2 


Solvent Wavenumber 


n-Hexane 2046-0 5-0 


cycloHexane 2044-7 4-6 
n-Heptane 2045-7 5-0 
Carbon tetrachloride 2044-7 10-2 
Benzene 2041- 


~ 


Chloroform 2043- 


better than other solvents. Although cyclohexane solutions possess the narrowest bands, 
their own absorption bands in this spectral range make compensation at higher cell thick- 
nesses difficult. On account if its lower volatility and its availability in higher purity, 
normal heptane was used as solvent throughout the investigation. 

The wavenumber values of the observed absorption maxima for the compounds 
investigated are compiled in Table 2. By the use of the scanning method described in the 
experimental part the frequencies given for Co,(CO), in an earlier Note [1] proved to be 
high by about 1-2 em~!. 

Relative intensities of the absorption maxima as compared with the arbitrary value 
of 10 for the most intense band are also indicated in the table. Bands having relative 
intensities less than 0-1 were omitted. 

Spectra of Co,(CO),., which differ from that given in the literature and that of 
Hg{Co(CO),], are shown. 


[1] G. Bor and L. Marko, Spectrochim. Acta 15, 747 (1959). 
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Although a more detailed discussion of the results concerning the structural and 
bonding problems of these compounds will be published later, a few remarks may be made 
here concerning the structure of the mercury cobalt carbonyl complex Hg{Co(CO),)}, since 


Table 2. Frequencies (cm 1) and relative intensities of absorption bands of some metal 


carbonyls in the 2200-1800 em™! region; n-heptane solution 


HCo(CO Co,(CO),, HglCo(CO),), Co(CO),NO 


* 


2116-1 (0-2) 2063-2 (9) 2072-3 (7-6) 2101-2 (2-2) 

2052-3 (3-2) 2054-5 (10) 2021-7 (0-7) | 2035-4 (10) 

2020-8 (10 2037-9 (0-6) 2007-3 (10 1999-3 (0-2) 

1993-0 (0-2) 2027-5 (0-8) 1963-7 (0-2) 1808-1 (4-9) 
1867-0 (3-3) 


2022-0 2008 
2000-3 2058 
1963-6 (0-2 2042 


2022 


» bands o o a asvmmetric shapes and possess shoulders at about 2 cm~! higher 
| 


frequen s than the 


the structures proposed earlier by Hreper [2] and by ANDERSON [3] had no experimental 
support 

The spectrum clearly indicates the absence of “bridging” CO groups. The three funda- 
mental bands in the “terminal” CO region indicate a structure of fairly high molecular 
symmetry. We propose a structure with direct metal-metal bonds, the Co—Hg—Co 
sequence being linear, the arrangement of the CO groups and the Hg atom around the Co 


transruttonce 


ent 


ber 


2000 


Wovenumnber, 


Fig. 1. Infra-red spectrum of tetracobalt dodekacarbony! in the 
( © stretching region; n-heptane solution 


atoms being that of two trigonal bipyramids having a common apex at the Hg atom. 
Either a staggered (D,,) or an eclipsed (D,,) position of the two bipyramides is compatible 
with the observed spectrum. The oxidation state of both the Co and the Hg atoms is 
considered to be zero, as an oxidation state of —1 of the Co atoms would decrease the 


(2) W. Hreser, FIAT-Review of German Science 1939-46, Inorganic Chemistry, Part I1., p. 125. 
Dieterich sche, Wiesbaden (1948). 
3) J. S. ANpERsoN, Quart. Revs. (London) 1, 331 (1947). 


| 


1106 


Coe. 2 

=: 

Ni(CO), Fe(CO), | Co,(CO), 
2045-7 (10 (7-3) 

2007-0 (0-2 2-1) 

10) 
NG 

4 

81) 
P (t)-4) 

(O-5 
1866-0 (1-3 

1857-2 (2-3) 

* These 

= 

] 
10 

| 

1900 1g00 
“atte 


Research notes 


transmittance 


Per cent 


2200 


2100 2000 1900 1800 


Wavenumber, cm 
Fig. 2. Infra-red spectrum of mercury cobalt carbonyl in the 
C—O stretching region; n-heptane solution. 


C—O stretching frequencies to 1880-1890 em-! [4, 5]. The Co°—Hg® bond can have only 
a slight polarity according 


4 4 


Co—Hg—Co 


oy tecently, Corron and Moncuamp [6] have described the spectrum of Co,(CO), with 
almost the same resolution as that described in our earlier paper {1}, and have obtained a 
spectrum of Co,(CO),, similar to that now given. We agree with the structural conclusions 
of these authors, emphasizing also the importance of better optical resolution than that 
of a rock-salt prism for the study of the spectra of metal carbonyls. The deviations, 
however, between the wavenumber values of Corron and Moncuamp and those of our 
present study in the ‘‘terminal’’ C—O stretching region are as large as 5-7 cm. We have 
re-investigated our values several times with excellent repro lucibility. As shown in Table 1, 
the difference in the solvent may not cause this discrepancy. 


Experimental 

Ni(CO), and Fe(CO),; were prepared by the method of Reprs {7}, Co,(CO),,. by boiling 
Co,(CO), in toluene [8], Hg{Co(CO),|, by the method of Hreper ef al. [9]. HCo(( O), 
Co,(CO), [10], and Co(CO),NO [11] by previously reported methods Spectra were obtained 
by the double-beam spectrometer UR-10 of VEB Carl Zeiss, Jena, using a LiF prism and 
NaCi cells. Path lengths and concentrations were varied to obtain adequate spectra for 


the exact determination of all band positions and absorptivity ratios. The applied slit 
schedule corresponded to the spectral-slit-width values of 2-4 em=! at 1850 em-!. 2-2 em! 
at 1925 cm~! and 2-1 cm™ between 1960 and 2150 «m=. Scanning speed usually was 


[4] R. A. Frieper, I 
(1955). 
[5] W. E. Wirson. Ph.D. Thesis p. 18, Purdue University, Lafavette (1958). 
[6) F. A. Corron and R. R. Moncuamp, J. Chem. Soc. 1882 (1960 
4 W. Reprre and co-workers, Ann. Chem Liebigqs 582, 116 (1953) 
[8] G. Natta, R. Ercout and 8, La Chimica e Industria 36, 3 (1955). 
[9] W. Hreser, E. O. Fiscner and E. B. Béckiy, Z. anorg. u allaem. Chem 269, 308 (1952) 
[10 L. Marko, Magyar Kém. Foludirat 61, 339 (1955). 
| G. Bor and B. Monat, Acta Chim. Acad. Sei. Hung. 8, 335 (1956). 


Wenper, 8. L. Suurcer and H. W. Srernserc, J. Am. Chem. Sov 77, 3951 
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50 em min with automatic speed suppression. For the exact determination of the fre- 
quencies the scanning speed was 4cm~'/min and the scale 150 mm/l00cm~'. Wave- 
number calibration was performed by recording carbon monoxide and water-vapour 
spectra simultaneously with the registration 

Using the wavenumber values of PLyLer ef a/. {12} for the carbon monoxide rotation 


vibr ition bands in accuracy oft +] cm I could he achieved in the terminal region The 


wavenumber values. however. of the water vapoul bands given by Jones [13] are of 


inadequate accuracy for a LiF prism; consequently the values in the 1800-2000 em 
region are believed to have an uncertainty of about +—0-5 em™! 

G. Bor 
Huna Oil and Gas Research Institute L. MARKO 


UAFKI", Veszprém, Hungary 


K.P . R. and W ‘ OR m. 45, 102 (1955). 
H. Jon Cher 24, 1250 7 


The infrared spectrum of propylene oxide 
( Receive ll July 1O60 


Some time ago, the writer had occasion to obtain the infrared spectra of propylene oxide 
as liquid and vapor. Since these do not seem to have been previously reported, they are 
given here with a proposed assignment of the observed frequencies. The spectra were 
obtained on a Perkin-Elmer Model 13 infrared spectrometer, using NaCl and CsBr opties. 


The observed spectra are given in‘ along with the Raman spectrum reported by 


SwaLen and HeRSHBACH [2] 28-48, 75-654, J, 84-944 a.m.u. A®. The 


ixes do not coincide with y convenient molecular axes, although the B-axis 


BALI AUS and AG NER The moments of inertia ol propvien¢ oxide are given by 


is roughl mn the plane of the COC skeleton lolecules with these moments of inertia 
should have A and ( bands with sharp Y branches and 6 bands with no Y branches [3 
While the observed vapor bands indeed have these contours, little use can be made of these 
in assigning frequencies, lacking a detailed knowledge of the normal vibrations 

The assignment proposed is shown in Tables 2 and 3. The assignment of fundamentals 
is based on that of Lorp and No uur [4] for ethylene oxide. The assignment requires 
little comment except to point out that the substitution of a methyl group for a hydrogen 
atom has perturbed the ethylene oxide spectrum remarkably little. The major change in 
the spectrum, aside from the appearance of new bands ascribable to CH, motions, is the 
lowering of one frequency from about 810 em~! to 745 em™! 
Olin Mathieson Chemical or poration M. C. Topix® 


Ne Har en 


Connecticut 


* Present address American Cyanamid Company, Stamford, Connecticut. 
and J. Wacner, Z. physik. Chem. B 272 (1939). 
SwaLen and D. Hersusacn, J. Chem. Phys. 27, 100 (1957). 
and L. Zumwa rt, J. Chem. Phys. 6, 711 (1938). 
Lorp and B. Nouurw, J. Chem. Phys 24, 656 (1956). 
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Table 1. Vibrational spectra of propylene oxide (em~') 


Infrared Raman [1] 


Liquid Vapor 


3080 3065 (1b) 
S000 3006 (2) 
2050 n 2460 2975 (4) 
2900 shoulder 2929 (7b) 


2775 all w 2864 (3b) 


2180 
2145 
2080 
2000 
1970 
1775 
1685 
1655 
1635 


1450-1490 


1407Q, 1422R) 
w 

(1258P, 1262Q, 1268) 
1195 (?)* 


1102 
(1015, 1026) 1023 
(950, 964) 950 
(S882, 8959, 905R) 896 
(S28P, 838Q, 828 
(757, 770) (shoulder at 745) 745 

(400P, 415Q, 425R) 416 
(355P, 367Q, 379R) 371 


amie 


* Did not appear on repeat runs. 
“ weak; m medium; 8 strong; vs very strong. 
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2730 
2600 
2500 | 
2380 
9275 | 
4 2250 | 
V 
19060 
1456 (3b) 
06 (3) 
‘ 868 (0 
: 1408 s 1568 (0) 
2 263 (7 } 
: 1368 m 1263 (7 
; 66 (3) 
1262 m 1166 (3 
1162 w 1135 (1b) 
1142 1120 
m 1) 
1132! 
L103 m 
6 
1022 vs ) 
3) 
948 vs 
5) 
825 vs 
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Table 2. Assignment of fundamental frequencies for propylene oxide 


Ethylene oxide (4) Propylene oxide 


Description Description 


CH, stretching 3063, 3079 3065 CH, stretching (2) 
3006 CH stretching 
2975 CH, stretching 
2929 CH, stretching 
2846 CH, stretching 
CH, deformation 1490 1500 CH, deformation 
1456 CH, deformation (2) 
1406 CH, deformation 
CH, twisting 1368 CH, twisting 
Ring deformation 1263 ring deformation 
CH, wagging 1166 CH, wagging 
CH, twisting 1142 CH wagging 
CH, wagging 1132 CH rocking 
1102 ring —-CH, stretching 
102: CH, wagging 
950 CH, rocking 
Ring deformation S92 SU6 CH, rocking or ring deformation 
ting deformation 877 828 ring deformation 
CH, rocking 807, S21 745 ring deformation or CH, rocking 
416 ring —-CH, bending 
371 ring —-CH, bending 


277 CH, torsion 


Table 3. Assignment of overtones and combination 


tones for propy lene oxide (em™?) 


1368 1406 
1263 1456 
2600 1102 1500 
2520 1142 1368 
2500 1132 1368 
1132 1263 
1132 1142 
745 1500 
1023 1166 
745 + 1406 
2080 950 1132 
2000 1102 1896 
1970 950 1023 
1850 828 + 102: 
1820 371 + 1456 
1775 277 1500 
1685 277 1406 
1655 277 1368 
1635 745 + 896 
1560 416 + 1142 
1520 416 + 1102 
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Eine optische Anordnung zum unmittelbaren Vergleich verschiedener 
Emissionszonen einer Lichtquelle 


( Received 8 June 1960) 


Abstract—A double optical path to illuminate a spectrograph is described. Each path has an 
intermediate focus allowing different parts of the light source to be selected and photographed 
in juxtaposition. Examples of the use of the equipment are given. 


Einleitung 
Fir exakte photometrische Messungen an Spektrallinien darf bekanntlich die Lichtquelle 
nicht auf den Spalt abgebildet werden. Vielmehr muss dieser, am besten iiber eine 
Zwischenabbildung der Lichtquelle, homogen ausgeleuchtet sein, wozu man meist 
bestimmte Zonen der Entladung benutzt. Die Lichtquelle wird dabei in die Optik des 
Spektrographen abgebildet. 

Es kann nun von Interesse sein, zwei solche Zonen mit einander zu vergleichen. So ist 
zum Beispiel bei Untersuchungen in der Kathodenglimmschicht ein Vergleich von 
Kathodenumgebung und Bogenmitte erwiinscht. 

Im folgenden wird eine optische Anordnung beschrieben, mit der die Spektren zweier 
beliebiger Zonen einer Lichtquelle gleichzeitig und nebeneinander registriert werden 
kénnen.* 


} 6 Die Doppe lte Zwischenabbildung 
1060 Der Spektrograph wird iiber zwei getrennte Lichtwege und Zwischenabbildungen 


von zwei wihlbaren Emissionszonen der Lichtquelle gleichzeitig ausgeleuchtet. Das eine 
der beiden Lichtbiindel wird dabei seitlich iiber einen Spiegel und ein halb vor den Spalt 
geschobenes Umlenkprisma neben das andere, direkte Biindel, auf den Spalt gelenkt. 
Abb. | zeigt das Schema einer fiir Untersuchungen in der Kathodenglimmschicht benutzten 
optischen Anordnungt, Lage und Grésse der bei Versuchsmessungen auf die Zwischen- 
blenden abgebildeten Bogenzonen, und die Eichung der Lichtwege. 

Mit einer derartigen optischen Anordnung erhilt man Doppelspektren, wie sie Abb. 2 
zeigt. 


Justierung 

Die Wendel einer kleinen Gliihbirne wird an dem spiiteren Ort der Lichtquelle in die 
optische Achse gebracht und scharf auf die Mitte beider Zwischenblenden abgebildet. 
Seitenschiene, Linsen, Spiegel und Umlenkprisma miissen so justiert sein, dass man bei 
weit geéffnetem Spalt von hinten her im Spektrographen zwei parallele Bilder der Wendel 
sich iiberlagern sieht. Diese Bilder werden der unterschiedlichen Lichtwege wegen im 


: allgemeinen verschieden gross sein und miissen beide ganz im Innern der Offnungsblende 
liegen. 
+2 * Eine mit rotierenden Sektoren arbeitende Anordnung zur Messung der achsialen Intensitéts- 
ag verteilung wurde von BoumMans [1] angegeben. 
a + Die hier angegebene Dimensionierung ist nicht die giinstigste; sie entsprach apparativen Gegeben- 
heiten. Wesentlich ist nur, dass der Bogen in dem betreffenden Wellenlangenbereich scharf auf beide 
a Zwischenblenden abgebildet wird. Weitere Abbildungs- und Ausleuchtungsfehler werden in die Eichung 
3 mit hereingenommen. 

“se Im kathodischen Strahlengang befand sich ein homogenes Rhodiumfilter mit 5 Prozent Durch- 


lassigkeit. 
fl] P. W. J. M. Boumans, Rev. universelle mines 15, 396 (1959). 


G 
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An die Stelle der Glihbirne tritt jetzt die zu untersuchende Lichtquelle. Die gewun- 
schten Emissionszonen werden durch entsprechende Vertikal- und Horizontalbewegung 
der beiden ersten Abbildungslinsen in dem zu untersuchenden Wellenlangenbereich 


Abb. 1. Anordnung zur Doppelten Zwischenabbildung. Schema der Lichtwege: Lichtver- 
echliasse fortgelassen. Abgebildete Bogenzonen und Elektroden: ma®stabgetreu. Eichung: 
direktes Durchlassigke itsverhaltnis (ohne Rhodiumfilter in der Hauptschiene). 


: Hg-Lampe 
: Mgt Punkte jeweils aus 5 Einzelmessungen gemittelt. 


genau auf beide Zwischenblenden fokussiert. An dem iibrigen Strahlengang darf nichts 


verandert werden. 


Eichung 

Fiir den quantitativen Vergleich beider Spektren muss das Durchlassigkeitsverhaltnis 
der Lichtwege experimentell bestimmt werden. Zur Eichung werden Doppelspektren 
einer strukturlosen Lichtquelle, etwa eines mit Hg-Licht beleuchteten MgO-Schirms 
oder der Siaule einer geeigneten Hg-Lampe aufgenommen. Eich- und Messlichtquelle 
miissen etwa die gleiche Grosse haben, da sonst infolge der unterschiedlichen Ausleuchtung 
durch beide Lichtwege Eichfehler auftreten kénnen. 

Abb. 1 zeigt die Ubereinstimmung der Intensitatsverhaltnisse verschiedener Hg-Linien, 
gemessen mit der Saule einer Osram-Spektrallampe und mit einem passend abgeblendeten 
MgO-Schirm. 

Die Eichung mit der Hg-Lampe ist bequemer und hinreichend genau. Sie kann leicht 
vor jeder Aufnahmereihe w iederholt werden. 
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Li(I)2741,3! 
Ge(I)2754,59 
Mg(1)2779,83 
_ Mg(I1)2790,79 
Mg(I1)2795,53 — Mg(II)2798,06 
Zn(1)2800,87 — Vig(I1)2802,7 
VOL. 


Mg(1)2852, 13 
Sn(1)2863,33 


Ga(I)2874,24 


$b(1)2877,92 


Bi(I) 2897,98 


Abb. 2. Doppelspektren von Kathodenumgebung und Bogenmitte. Das obere Spektrum 
jeweils Kathodenumgebung, durch Rhodiumfilter geschwacht. (a) Oxydegemisch in Kohle 
als Grundsubstanz; (b) Oxydegemisch in Lithiumearbonat plus Kohle (Verhaltnis 1:4) 


als Grundsubstanz, Vollstandige Verdampfung. 
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Messgenauigkeit 


Mit der beschriebenen Anordnung kénnen vergleichende Intensitatsmessungen in 
verschiedenen Zonen einer Lichtquelle durchgefiihrt werden. Die Genauigkeit des so 
ermittelten Intensititsverhiiltn sses ist durch einen systematischen und einen zufilligen 
Fehler begrenzt. 


Der gefiihrlichste systematische Fehler kommt durch falsche Eichung zustande. 
Die Richtigkeit der Kichmethode muss daher sichergestellt sein (siehe Abschnitt 
*Eichung’’). 


Der zufillige Fehler ist durch den zufilligen Fehler der Intensititseinzelmessung und 


durch die bei der Elektrodennachstellung unvermeidlichen Ungenauigkeiten bedingt*. 


Die untere Grenze der Standardabweichung der Intensitatsverhaltnismessung ist daher 
durch die Intensititsregistrierung gegeben. 


Anwendungsbeispiele 


Die Anwendungsmiglichkeiten der doppelten Zwischenabbildung fiir Untersuchungen 


in der Glimmschichtzone sei an einigen Beispielen gezeigt.t 


Tabelle 1. 


gleichen Elements. Vollstandige V« rdampfung eines 


Verstirkungsgrade verschiedener Linien des 


Oxydegemisches in Kohle als Grundsubstanz. 


Durchschnittswerte aus fiinf Doppelspektren 


Energie-Niveaus* 


VOL. Linie \ Verstarkungsgrad 
(ey) 
16 
1960 


Be(1) 2348.61 O.00-5 25 3 


Be(L) 2650.78 2.71-—7.37 6 
Be(I1) 3130.42 0,00-3,944 3 


Be(IL) 3131.07 0,00 


Me(1) 2776.69 2,70-7,14 66 
Mg(I) 2778,29 2,70-7,14 67 
Mg(Il) 2795.53 0,00--4,14% 23 
2802.70 0,00-4.40° 23 
Mg(I) 2852.13 0,00-4,33 15 


* Die unteren Niveaus zeigen die Méglichkeit von Selbstabsorption an. 
+ lonisationsenergie: 9.28 eV. 


eV. 


Tonisat ionsenergie: 


Cher die bisher iiblichen Schitzungen hinaus kénnen Prazisionsmessungen der 


Glimmschichtverstirkung (Intensititsverhaltnis zwischen einer Zone der Kathodenumge- 


bung und der Bogenmitte) auch fiir die einzelnen Linien eines Elements ausgefiihrt werden. 
Die nachstehende Tabelle bringt als Beispiel Messungen an Be- und Mg-Linien 

Die Kenntnis der Abhingigkeit der Glimmschichtverstirkung von der Grundsubstanz 
ist von ausschlaggebender praktischer Bedeutung (Verstirkung bei Pufferung). Mit der 


* Bei den Versuchsmessungen wurde auf sorgfaltige Nachstellung der Kathode geachtet. Ausserdem 
wurde die Kathode zur Vermeidung von Intensitatsfehlern infolge schiefen Abbrandes [2] mit 100 1 min 
gedreht. 

+ Die Messungenerfolgten mit der in Abb. 1 skizzierten Anordnung. Es wurde ein synthetisches 
Oxydegemisch verwendet, 


[2] G. Houpr, Mikrochim. Acta 1 6, 311 (1956), 
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beschriebenen Anordnung kann leicht die Gréssenordnung der Verstarkung der einzelnen 
Elemente in verschiedenen Grundsubstanzen bestimmt werden. Abb. 3 zeigt derartige 
Messungen. 

Der direkte Vergleich zweier Zonen erméglicht auch Untersuchungen an einzelnen 
Bogen. Abb. 4 zeigt dazu den zeitlichen Verlauf der Glimmschichtverstirkung einer 


V(I1)-Linie. 


i 


Abb. 5. Korrelation zwischen Kathodenzone und Bog Anie: 
Mabstabeinhei 0,2 ¥ Links: Oxydegemisch in Ko ls Grundsubst 
Oxydegemis plus Kohl Verhaéltnis 1:4) als Grundsubstanz 
V ollstandige Verdampfung. 


Mithilfe des Streudiagramms [3] kann geprift werden, ob ein Zusammenhang zwischen 
den Intensititen einer Linie in zwei Zonen besteht. Abb. 5 zeigt fiir eine Ge-Linie das 
Fehlen einer Korrelation zwischen Kathodenzone und Bogenmitte Pufferung mit 


mit Lithium- 
carbonat verringerte zwar die Streuung in beiden Zonen. ergab aber ebenfalls keine 


Korrelation, wie rechnerisch gepriift wurde 


G. 
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BOOK REVIEWS 


Dwserasst: Optical Rotatory Dispersion. Metiraw-Hill, New York, 1960, 293 pp.. 


organic chem) laboratory invariably contains a variety of colored boxes that 


MODERN 
Spectrometer, Nuclear Magnetic Resonance Spectrometer, and 


These machines there because organi chemists have come to appreciate the value 
| these same chemists have 
machines into useful chemical 

the visible and near ultra 


nmercially available This means another species 


m from the organ chemical pomt of vrew 


taken from Chap. 12 (contributed by \. Moscowrrz) of Da eRASSI's 


he purpose of the book and also sets the level at which the subject 
present time be treated. The book prov ides a com- 


pilat | torv-di on « ves for organ compounds and an empirical correlation 
bet ween ir 


l d with an absorption of radiation by a chromophore 


rotati mtiumately associat 


an asvmmetric environment. If the absorption frequency lies within the 


which finds itself 
then one observes the well-known Cotton 


accessible to rotation measurements, 
_e. successive sharp maxima and minima in the molecular rotation. Most of the book 
is concerned with the examination of Cotton-effect curves, primarily those associated with the 
carbonyl chromophore, and their ¢ mpirical relation to structural features, including absolute 
configuration. The bulk of the experimental work in this area was of course performed in Dr. 
DJERASSI's own laboratory 


of optical-rotation measurements, then one 


If the absorption ye ik lies outside the range ] 


observ dispersion curve, represe nting the | of a Cotton-effect curve. The bulk 


area has been obtained with amino-acids polyp poticke s and prot ins, and, 


i. @rmp rical re lations to struc tural features have heen sugyvest« ad Summaries ol the work 
been contributed by J. A. ScHELLMAN and E. R. Biourt. 


th summaries of experimental data, the book contains two introductory 


a detailed (though rapidly becoming obsolete) chapter on instrumentation, a biblio 


ind an appendix on the nomen lature used in describing the stereochemistry of steroids 


rpenoids. The latter is useful, as many of the rotator, dispersion studies cited in the 
mg to these groups of compounds 
there is the theoretical chapter cited at the beginning of the review. It presents a 
nt of the basic theory which underlies the phenomenon of optical rotation. It isa 
spectroscopist perhaps the most valuabk part . but is really 
to the rest since the quantities with which it deals are only rar ly calculated 
ial data are obtamed 
the title of the book implies, there is no mention of the optical rotatory properties of 


morgan molecules Nor there n 


ore than passing relerenc to solvent effects, even though 
solute it wtions may xpected to vive rise to ¢ nvironmenta!l asyvrnmetrics over 
and above we germane to t lute molecule itself p. 175). In fact, Dr. Moscowrrz ex- 
presses the | that such eff will often prove to bn unimportant. This reviewer does not 


for whereas X-ray crystallography may at some future time be expected to 


share 
all questions ol molecular structure and conformation, obviating the need for 


resoly 
more npirical tools, no straightfor ward approach to the problem of solute solvent mnteraction 
The major use of optical rotation a decade from now could well be in this area. 


CHARLES TANFORD 


a ae Spectrochimica Acta, 1960, Vol. 16, pp. 1116 to 1117, 
2 
4 ‘ 
bear 
the like 
of light ‘ 
learned 
poe eS violet regions of the spectrum has b 
of eurve thi requu nterp 
The foregoing quotation, 
book, 1s an apt summary otf 
1 
of 
in th 
\ 
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and tt 
book 
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Book reviews 


Ernest H. 8S. VAN SOMEREN and F. LacuMan: Spectrochemical Abstracts, Vol. VI, 1954-1955. 


Hilger and Watts, London, 1960. 100 pp., 25s. 


THE layout of the present volume differs from that of previous volumes, in which the first part 
of the book comprised an index of authors, listing the titles and references of the papers with 
cross-references to the abstracts. Instead, the abstracts now include the authors, titles of 
papers and references, and an author index is provided at the end of the book. This appears to 
be a more logical arrangement for a collection of abstracts and as such is to be welcomed. 

The 361 abstracts are arranged in three sections: “Substances Analysed”’, “Apparatus and 
Technique” and “Bibliography’’ with appropriate sub-headings. Most of the abstracts are 
original; about one-sixth are quoted from other sources. In the interests of complete coverage 
the present volume also includes about twenty references from each of the years 1952 and 1953 
and six from 1951. Following previous practice, the lengths of the abstracts vary according to 
the importance of each paper in contributing to the development of the subject rather than in 
the mere recording of analytical data. The index of minor constituent elements determined in 
samples remains as before. 

Spectrochemical Abstracts is now regarded as a standard reference work, covering the world 
literature on analytical applications of emission spectroscopy (including flame spectroscopy). 
It is therefore greatly to be hoped that the authors will succeed in their plan to continue pro- 
ducing two-year volumes for a few years with a view to attaining annual publication later. 

It is pleasing to observe that Vol. VI is dedicated to the memory of Frank TwyMan, who 


compiled the first volume of the series. 
D. M. Smiru 


Joun A. Norris: Wavelength Table of Rare Earth Elements and Associated Elements including 


Zirconium, Thorium, Hafnium, Rhenium and Technetium. ORNL-2774. Office of Technical 

Services, Dept. of Commerce, Washington, 1960. 725 pp., $7.25 (paper bound). 

THs impressively large volume is a reproduction of the wavelength tables from the book 
Spektren der Seltenen Erden by A. GATTERER and J. JUNKES combined with the wavelength 
tables compiled by MrGGeErs and his associates for promethium, rhenium, tellurium and 
hafnium. The wavelengths, given to two decimal places, are arranged according to decreasing 
wavelength in the manner of the W.J.7. Wavelength Tables. Intensities and calculated wave- 
numbers are also given. Unfortunately the intensities are valued according to the original 
work and no attempt has been made to correlate the intensity scales used by the different 
authors. This is quite disconcerting and extreme care is necessary when relating line intensities 
based on differing intensity scales. 

The book is useful in that it does present, in a convenient form, wavelength data for elements 
either not covered or poorly covered in the M.I.T. tables. This is particularly true in the case 
of the rare-earth elements where numerous line misidentifications are listed in the M.I.T. tables. 
However, the wavelength data of GATTERER and JUNKES also contain errors and these have 
been propagated in this volume. A new revised edition of GATTERER and JUNKES’ wavelength 
tables is in preparation and its publication will render this present volume obsolete. 

It is unfortunate that Norris did not have the foresight to compile a list of sensitive and 
analytically useful lines for inclusion in this table. Sensitive lines for most of these elements 
have been reported in the literature and the inclusion of such a list would have increased the 
value of this volume immeasurably. 

As an incidental sidelight, it is interesting to note that the preparation of this table was made 
largely with modern data-handling equipment of the IBM type. This volume is an excellent 
example of the usefulness of modern business machines in handling large volumes of scientific 


data. 
RicHarp N. KNISELEY 
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REPORTS OF MEETINGS 


Eleventh All-Union Conference on Spectroscopy 


Papers presented at the Conference and published in the Journal 
Izvestiia Akademii Nauk SSSR Ser. Fiz. Vol. 22 (1958) 


1. General 


S. L. MaAnpet’sutam: Introductory speech (\ stupitel noe slovo), p. 647 
S. E. Frisu: Forty years of the development of soviet spectroscopy (Razvitie sovietskoi 


spe ktroskopu za 40 le t H50 


2. Atomic spectroscopy 
Sopet' MAN and Yr. L. Fermsperc: The optical effects of the collective oscillations of 
ons in metals (Optiche skie éffekty kolebanii ek ktronov v mm tallakh), pp 654 
Frisu and I. P. Bogpanova: The excitation of spectral lines in the negative radiation 
a gas discharge Vozbuzhdente sy ktral’nvkh lint v otritsatel nom svecheni gazovogo 
razriada), p. 659 
M. G. Veserov and I. B. Bersuxer: The adiabatic approximation in the quantum theory 
of at ws (Adiabatichesk priblizhense v kvantovol teorn atomov), p. 
A. P. Tests. Ia. I. Vizepararre, V. I. Kaverskis and I. V. Bararunas: An approximation 
f the model of the two-electron states and the so-called anomaly in the spectra of carbon, 
gen and oxygen (Priblizhenie modeli dvukhélektronnykh sostoianii i tak nazyvaemaia 
anomalia v spektrakh ugleroda, azota i kisloroda), p. 665 
M. I. PerrasHen’ and T. L. Gurman: One-electron wave functions of TI* in certain crystals 
(Odnoélektronnye volnovye funktsii Tl* v nekotorykh kristallakh), p. 668 
L. A. Varysytars: The calculation of one-electron wave functions and of oscillator forces 
on an electronic calculating machine (Vychislenie odnoélektronykh volnovykh funktsii 1 sil 
ostsilliatorov na elektronnoi schetnoi mashine), p. 671 
L. V. Gurvics and I. V. Verrs: The determination of the energies of dissociation of mole- 
cules on the basis of the study of the equilibrium of their dissociation in flames (Opredelenie 


énergii dissotsiatsii molekul na osnovanii izuchenia ravnovesiia ikh dissotsiatsii v plame nakh) 


I. V. DvVORNTKOVA The de penden¢ e of the total Intensity of spectral lines on the absolute 
concentration of atoms in an are discharge (Zavisimost’ polnoi intensivnosti spektral'ny kh 
linii ot absoliutnoi kontsentratsil atomov \v wovom razriade), p. 677 

I. M. Nacrerva: The determination of relative oscillator forces in an are discharge from the 
width of the spectral lines (Opredelenie otnositel’nykh sil ostsilliatorov v dugovom razriade 
po shirine spektral'nykh linii), p. 681 

Iv. P. Dontrsov and L. A. Korostyteva: Isotopic displacement in the spectra of certum 


and zirconium (Izotopicheskoe smeshchenie v spektrakh tseriia i tsirkoniia), p. 683 


N. G. Morozova and G. P. Startsev: Isotopic displacement of the lines in the spectrum of 


ionize ! m (Izotopicheskoe smeshchenie linii \ spektre ionizovannogo urana), p. 656 
N. I. Kaurreevsku, V. I. Perew’ and M. P. Cuarka: The accuracy of the determination 
of the constants of the hyperfine structure from optical measurements (O tochnosti oprede- 
leniia konstant sverkhtonkoi struktury iz opticheskikh izmerenii), p. 692 

L. V. Leskov and L. P. Vasim’eva: The method of measuring temperature by the band 
spectra of molecules (O metode izmereniia temperatury po polosatym spektram molekul), 


p. 646 
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Iu. M. KatGan: The movement of ions in a plasma (O dvizhenii ionov v plazme), p. 702 
N. R. Batarcuvkova: The feasibility of using spectral lines as wavelength calibrations 
and as length standards (O vozmozhnosti ispol’zovaniia spektral’nykh linii v kachestve 
normalei dlin voln i étalona dliny), p.708 

A. M. Savukutrin and V. 8. Yecorov: Observation of anomalous dispersion in short-time 
processes (Nabliudenie anomal’noi dispersii pri kratkovremennykh protsessakh), p. 711 
V.I. Kogan: Re garding the theory of the broadening of spectral lines in a plasma (K teorii 
ushireniia spektral’nykh linii v plazme), p. 714 

L. A. V. G. Kotosuxrkov, M. A. Mazrne. L. MANDEL’SHTAM and I. I. 
SOBEL'’MAN: The broadening and displacement of spectral lines in a highly ionized plasma 
(Ob ushirenii i sdvige spektral’nykh linii \ vysokoionizovannoi plazme), p. 718 

A. A. Lanupa, Y. G. Martryxov and I. G. Nexrasuevice: The measurement of the 
temperature of a cloud of luminous vapours in pulsed electrical discharges (Ob izmerenii 
temperatury oblaka svetiashchikhsia parov pri impul’snykh élektricheskikh razriadakh), 
720 

Iu. I. Ostrovskn, N. P. Penxrn and L. N. SHABANOVA: The measurement of oscillator 
forces in the spectra of atoms (Izmerenie sil ostsilliatorov \ spektrakh atomov), p. 725 

N. N. Sonotev, A. V. Porarov, V. F. Krrarva, F. 8. V. N. ALAMOVSKII, 
\ E. ANTROPOV and ISAEV: The spt ctroscopic investigation of the state ot the yas 
behind a shock wave (Spektroskopicheskoe issledovanie sostoianiia gaza za udarnoi volnoi), 
p. 730 

V. K. Prokor’rv: Modern spectral instruments in the U.S.S.R. (Noveishie spektral’nye 
pribory SSSR), p. 
G. Barre.’s: The spectrum of a dense optical plasma (O spektre opticheskoi plotnoi 
plazmy), p. 742 

l. B. BersvKker: The probabilities of optical transitions in atoms and molecules with a 
polarizing structure (Veroiatnosti perekhodov v atomakh i molekulakh s poliarizuiush- 
chimsia ostovom). p. 749 

L. A. VAINSHTALN and G. G. Dotcov: The measurement and calculation of the polarization 
of radiation on exciting helium atoms by electronic bombardment (Izmerenie i raschet 
poliarizatsii svecheniia pri vozbuzhdenii atomoy geliia elektronnym udarom). p. 1294 

V. Lokute-KuHo.'tGREVEN: The radiation of a negative hydrogen ion (Izluchenie otritsatel 


nogo 1ona vodoroda), p. 1297 


3. Molecular spectroscopy 


A. A. Kotrusry: The emission spectrum of the disintegration products of hydrocarbons 
and aliphatic alcohols in an electrodeless discharge (Spekt1 ispuskaniia produktov raspada 
uglevodorodov i spirtov zhirnogo riada v bezélektronom razriade), p. 753 

M. N. Apamov, M. G. VesELov and T. K. Resane: Calculations of the electrical and 
magnetic properties of complicated molecules on the basis of a free-electron model (Raschety 
élektricheskikh i magnitnykh svoistv slozhnykh molekul na osnove modeli svobodnvkh 
élektronov), p. 1015 

L. A. Borovinskir: Calculations of the absorption spectra of the molecules of unsaturated 
hydrocarbons on the basis of a metallic model (Raschety spektrov pogloshcheniia molekul 
nenasyshchennykh uglevodorodov na osnove metallicheskoi modeli). p. 1019 

L. M. Sverpiov, M. G. Bortsov, Iv. V. Krocukovsku, Yr. P. Krarvov. V. 8S. 
and N. V. Tarasova: The theory of the vibration spectra of unsaturated compounds 
(Teoriia Kolebatel’nykh spektrov nepredel’nykh soedinenii), p. 1023 

I. I. Sopev’mMan: The quantum-mechanical theory of the intensity of lines in combination 
scattering (O kvantovomekhanicheskoi teorii intensivnosti linii kombinatsionnogo ras- 
selaniia), p. 1026 

M. A. Kovner and B. N. Snecrrev: The intensities and depolarizations of the combination 
scattering spectra of C,H,, C.D, and symmetrical C,H,D, (Intensivnosti i depoliarizatsii v 
spektrakh kombinatsionnogo rasseianiia), p. 1030 
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B. I. Stepanov: The correspondence of the absorption and luminescence bands of com- 


plicated molecules (O soot vetst vii polos pogloshcheniia i liuminestsentsii slozhnykh molekul), 


p. 1034 

V. L. Levsury and Ye. G. Baranova: Various forms of concentration extinction and the 
feasibility of separating them (Razlichnye vidy kontsentratsionnogo tusheniia i vozmozhnost’ 
ikh razdeleniia), p. 1038 

M. D. GaLanrn and Z. A. Curzurkova: Regarding the question of the relationship between 
the Kravers integral and the durability of the excited states of molecules (K voprosu o 
sootnoshenii mezhdu integralom kravtsa i dlitel’nost’iu vozbuzhdennogo sostoianiia 
molekul), p. 1043 

B. Ia. Svesunikov, V. M. Surrokov, L. A. Kuznetsova and P. I. Kupriasnov: The 
kinetics of suppression of fluorescence in solutions by extraneous substances (O kinetike 
tusheniia fluorestsentsii rastvorov postoronnimi veshchestvami), p. 1047 

B.S. NEporENT: The effect of light gases on the electron-absorption spectra and interaction 
between the molecules of aromatic compounds (Deistive legkikh gazov na élektronnye 
spektry pogloshcheniia i vzaimodeistvie mezhdu molekulami aromaticheskikh soedinenii), 
p. 1051 

V. IL. Danmova, V. D. Gou'rsev and N. A. Priteznarva: A spectral investigation of 
intermolecular and intramolecular interaction of nitro and amino groups in certain deriva- 
tives of benzene (Spektral’nye issledovaniia mezhmolekuliarnogo 1 vnutrimolekuliarnogo 
vzaimodeistviia nitro- i aminogrupp v nekotorykh proizvodnykh benzola), p. 1054 

P. P. SHoryers and Z. F. Iv’1cneva: The dependence of the spectra of aromatic nitro- 
compounds on the angle of the rotation of the nitro group around the C——N bond (O zavisi- 
mosti spektrov aromaticheskikh nitrosoedinenii ot ugla povorota nitrogruppy vokrug 
sviazi C-—N), p. 1058 

M. M. Susuecnrsku: An investigation of vibration spectra in the region of the C-—H 
valency vibrations (Issledovanie kolebatel’nykh spektrov v oblasti valentnykh kolebanii 
CH), p. 1063 

V. D. Bocpanov and M. M. Susuenrmsku: The coefficients of anharmonicity and the 
resonance interaction of internal vibrations of C —H groups (Koéffitsienty angarmonichnosti 
i rezonansnoe vzaimodeistvie vnutrennikh kolebanii grupp CH), p. 1067 

A. I. Soxotovskata and P. A. Bazuunin: An investigation of the temperature dependence 
of the intensity of lines in light combination scattering spectra (Issledovanie temperaturnot 
zavisimosti intensivnosti linii kombinatsionnogo rasseianiia sveta), p. L068 

V. T. ALeKSANIAN, Ku. Ye. A. A. Mev’ and A. F. The combination 
scattering spectra of some unsaturated cyclic hydrocarbons (Spektry kombinatsionnogo 
rasseianiia nekotorykh nepredel’nykh tsiklicheskikh uglevodorodovy), p. 1073 

R. R. SHaciputirs: The vibration spectra of certain phosphorus organic compounds 
(Kolebatel’nye spektry nekotorykh fosfororganicheskikh soedinenii), p. 1079 

V. V. N. N. Sopotev and V. P. Cueremisinov: The combination 
scattering spectra of vitreous germanium dioxide (Spektr kombinatsionnogo rasseiantia 
stekloobraznoi dvuokisi germaniia), p. 1083 

Ia. S. Bopovicn and T. P. Tutus: An investigation of the influence of various elements on 
the structure of silicate glasses by the combination scattering method (Issledovanie vliianiia 
razlichnykh élementov na stroenie silikatnykh stekol metodom kombinatsionnogo ras- 
selanila sveta), p 

B. I. Srerpanov and Ia. 8. Kuvasucwevskaia: The spectroscopy of negative currents of 


radiant energ 


(Spe ktroskopiia otritsatel ny kh potokoy luchistoi énergi), p- 

O. V. FrackovsKara: The infra-red absorption and thermal radiation spectra of certain 
molecular compounds in different aggregate states (Infrakrasnye spektry pogloshchentia i 
teplovogo izlucheniia nekotorykh molekuliarnykh soedinenii v razlichnykh agregatnykh 
sostoianiiakh), L093 

Ye. P. Marken and N. N. Sopotev: The infra-red reflection spectrum of boron anhydride 
at high temperatures (Infrakrasnyi spektr otrazheniia bornogo angidrida pri vysokikh 
temperaturakh), p. 1097 
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2. A. N. Terenty, V. N. Fitrmonov and D. 8. Bystrov: Infra-red absorption spectra of 
molecular compounds with metal halides (Infrakrasnye spektry pogloshcheniia molekuli- 


arnykh soedinenii s galogenidami metallov), p. L100 
53. V. M. CuuLanovskir: Regarding the problem of defining the concept of the “hydrogen 


bond” (KK voprosu ob opredelenii poniatiia ““vodorodnaia sviaz’’’), p. 1103 

54. V. I. Macyswev and V. N. Murzin: Investigations of the hydrogen bond in glycols and 
catechols (Issledovaniia vodorodnoi sviazi v glikoliakh i katekholakh), p. 1107 

55. A. 1. SrekHanov: The structure of the OH vibration band in the spectra of crystals con- 


taining a hydrogen bond (Struktura polosy OH-kolebanii v spektrakh kristallov, soderzhash- 
chikh vodorodnuiu sviaz’), p. 1109 

56. A. N. Ropronov, D. N. Suicori, T. V. TALALAEVA and K. A. KocnesuKov: The infra-red 
absorption spectra of lithium organic compounds. The intermolecular lithium bond 


(Infrakrasnye spektry pogloshcheniia litiiorganicheskikh soedinenii. Mezhmolekuliarnaia 
litievaia sviaz’), p. 1110 


57. I. 1. Novak: A study of intermolecular interaction in polyethylene by means of infra-red 


absorption spectra (Izuchenie mezhmolekuliarnogo vzaimodeist vie v poliétilene pri pomosh- 
chi infrakrasnykh spektrov pogloshcheniia), p. 1114 

58. M. P. Lisirsa and V. N. Mauinkxo: The influence of temperature and aggregate state on 
the infra-red absorption of carbon tetrachloride (Vliianie temperatury i agregatnogo 


sostoianiia na infrakrasnoe pogloshchenie chetyrekhkhloristogo ugleroda), p. 1117 
59. I. V. DemipenKova and L. D. Sucnersa: The change in the infra-red spectrum of ammonia 
on transition from the gas phase to the liquid state (Izmenenie v infrakrasnom spektre 


ammiaka pri perekhode iz gazoobraznogo v zhidkoe sostoianie), p. 1122 

60. Ye. N. Vasenko, A. P. Cuerniavskaia and N. V. Cuernaia: The infra-red spectra of 
salt solutions (Infrakrasnye spektry solevykh rastvorov), p. 1125 

61. M. Ye. Movsesian, M. I. Kaspacunik, 8S. T. lorre and K. V. Vatsuro: An investigation 
of keto—c/s—trans—enol equilibrium by means of infra-red absorption spectra (Issledovanie 


ketotsis-trans—énol nogo ravnovesiia pri pomoshchi spektrov infrakrasnogo pogloshcheniia), 
p. 1126 
62. A. A. BABUSHKIN: Spectroscopic investigations of the structure of certain complex com- 
pounds (Spektroskopicheskie issledovaniia nekotorykh kompleksnykh soedinenii), p. 1131 
63. V.M. Griaznov, V. D. Lacopovsku and V. I. SHimuLis: Spectroscopic methods of investi- 


gating catalytic transformations on metal films (Spektroskopicheskie metody issledovania 
kataliticheskikh prevrashchenii na plenkakh metallov), p. 1136 

64. A. A. Morozov, A. V. Mev’ nr kov and F. I. Skrrpov: The technique of free nuclear induction 
in weak magnetic fields applied to certain problems of radiospectroscopy of high resolving 
power (Metodika svobodnoi iadernoi induktsii v slabykh magnitnykh poliakh v primenenii 


k nekotorym zadacham radiospektroskopii vysokoi razreshaiushchei sily), p. 1141 

65. N.G. Larostavskit and A. Ye. STanevicu: The rotational spectrum of H,O vapour in the 
50-1500 region, 200-7 cm ! (Vrashchatel’nyi spektr paroy H,O \ oblasti 50-1500 
p- 1145 

66. V.G. Vesetaco: The determination of the structure of the HDSe molecule from its micro- 
wave rotation spectrum (Opredelenie struktury molekuly HDSe iz yeye vrashchatel’nogo 


mikrovolnovogo spektra), p. 1150 
67. 1. A. Muxkurarov: The rotational constants of FH,C CH,Cr molecules (Vrashchatel’ nye 
CH,CI), p. 1154 


postoiannye molekul FH 


4. Spectroscopy of crystals 


68. AN Men Dok, M. F. Vuks and D. 8. Nepzverski: A spectroscopic study of the rotationa 


mobility of molecules in quasi-liquid crystals of camphene and tricyclene (Spektroskopiches- 


koe izuchenie vrashchatel’noi podvizhnosti molekul v kvazizhidkikh kristallakh kamfena i 


tritsiklena), p. 1302 
69. B. A. Prarnirsku: The phosphorescence spectra of some aromatic acids at the temperature 


of liquid air (Spektry fosforestsentsii nekotorykh aromaticheskikh kislot pri temperature 


zhidkogo vozdukha), p. 1304 


1121 


| 
7 
16. | 
1960 


Eleventh All-Union Conference on Spectroscopy 


N. A. Irtsova: A determination of the rotation constants of CH,GeCl, from its very 


high-frequency absorption spectrum (Opredelenie vrashchatel nykh postoiannykh CH,GeCl, 


iz vego sverkhvysokochastotnogo spektra pogloshcheniia), p. 1307 

V. 8. Masukevicu: The method of quasi-normal co-ordinates in crystal optics (Metod 
kvazinormal nykh koordinat v optike kristallov), p. 1308 

\. F. Ko: Spectral investigations of crystals (Spektral ‘nye issledovaniia kristallov), 
1312 

M.S. Boropry and M. 8. Soskrx: The absorption and dispersion bond in crystals exemplified 
by 1:2-benzanthracene (Sviaz’ pogloshcheniia i dispersii v kristallakh na primere 1,2- 
benzantratsena), p- 1316 

I. V. ABARENKOV: Quantum-mechanical calculation of F-centres in alkali halide crystals 
(Kvantovo-mekhanicheskii raschet F-tsentrov shchelochno-galoidnykh kristallakh), 
p. 1320 

A. A. SuHataLov: The properties and structure of initial combinations of F’-centres in their 
colloidal coagulation process (Svoistva i stroenie iskhodnykh soedinenii F-tsentrov v 
protsesse ikh kolloidnoi koaguliatsii), p 132 

1. Z. Fisuer: The conditions for the existence and for the spectroscopic manifestation of 
an exciton in a semiconductor (Usloviia sushchest vovaniia i spektroskopicheskogo proiav- 
leniia éksitona v poluprovodnike), p. 1329 

N. D. ZuHevanprov: An investigation of the role of localized and free excitons in the 
luminescence of molecular crystals by polarization methods (Issledovanie roli lokalizovan- 
nykh isvobodnykh éksitonov v liuminestsentsii molekuliarnykh kristalloy poliarizatsionnymi 
metodami), p. 1332 

Iv. P. Pertix: Impurity seattering of light in crystals at low temperatures (Primesnoe 
rasseianie 8\ v kristallakh pri nizkikh temperaturakh), p. 1337 

M. F. De! Paramagnetic resonance of impurity centres in ionic crystals (Paramagnitnoe 
rezonans primesnykh tsentrov v ionnykh kristallakh), p. 1341 

M. L. Kats: The absorption and emission spectra of alkali halide crystals containing 
impurity ions with iso-electronic envelopes (Spektry pogloshcheniia i izlucheniia shchelochno 


galoidnykh kristallov, soderzhashchikh primesnye iony s izoelektronnymi obolochkami), 


Lusucnik and N. Ye. Lusacwik: The spectroscopy of luminescence centres in 
lide crystal phosphors activated by mercury-like ions (Spektroskopiia tsentroy 
tsii v schchelochno-galoidnykh kristallofosforakh, aktivirovannykh rtutepo- 
p. 1351 
E. Grio and M. Bansi-Grio: The fluorescence of pure cadmium sulphide at low tempera- 


tures (fluorestsentsiia chistogo sernistogo kadmiia pri nizkikh temperaturakh), p. 1356 
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Papers presented at the Conference (with their places of publication) 


(Moscow, 19-26 November 1958) 


I. REVIEW REPORTS 
S. L. Manpev’sutam: Introductory speech at the Twelfth All-Union Conference on 
Spectroscopy. (Vstupitel’noe slovo na XII Vsesoiuznom soveshchanii po spektroskopii. 
Izv. Akad. Nauk SSSR, ser. fiz. 28, 1054 (1959) 
V. V. Vorvopsku and L. A. Burumenret’p: Radiospectroscopy and the problems of 
‘ modern theoretical chemistry. (Radiospektroskopiia i problemy sovremennoi teoret icheskoi 
a khimii.) Usp. fiz. nauk 68, 31 (1959) 
L. V. Liris: The spectro-analysis of pure metals. (Spektral’nyi analiz chistykh metallov.) 
Usp. fiz. nauk 68, 71 (1959). 
A. N. ZarpE.’: Spectro-analysis of isotope composition. (Spektral’nyi analiz izotopnogo 
sostava.) Usp. fiz. nauk 68, 123 (1959) 
I. B. Borovsku: X-ray spectro-analysis. (Rentgeno-spektral’nyi analiz.) Usp. fiz. nauh 
68, 81 (1959) 
V. M. CuvuLanovski: The measurement of intensity in infra-red spectra. (Izmerenie 
intensivnosti v infrakrasnykh spektrakh.) Usp. fiz. nauk 68, 145 (1959) 


VOL. 

16 P. A. BazHu crn and M. M. Susxucurnskur: Methods of measuring the intensity of lines in 
1060 combination scattering. (Metody izmereniia intensivnosti linii kombinatsionnogo ras- 
. seianiia.) Usp. fiz. nauk 68, 135 (1959) 

a F. D. Ktement: Spectro-analysis in crystal chemistry and physical chemistry. (O spektral’ 
; ‘ nom analize v kristallokhimii i fizicheskoi khimii.) Transactions of the Institute of Physics 
: and Astronomy of the Academy of Sciences, Estonian SS R 7, 3 (1958) 
E. V. Emission spectro-analysis of organic ompounds. (Emissionny! spektral’ 
a nyi analiz organicheskikh soedinenii.) Usp. fiz. nauk 68, 51 (1959). 
L. A. TumEeRMAN: The application of spectroscopy in biochemistry and biology. (Primen- 
enie spektroskopii v biokhimii i biologii.) Usp. fiz. nauk 68, 93 (1959) 
: Il. ATOMIC SPECTROSCOPY 
1. General 
N.S. Kar and 8. L. Manpe’sutam: The influences on the intensity of spectral lines in 
; a flame spectrum. (O vliianiiakh na intensivnost’ spektral’nykh linii v spektre plameni.) 
‘- Opt. i spektr. 7, 141 (1959) 


. 2. O. P. Semenova: Regarding the problem of the influence of third elements on the results 


of quantitative spectro-analysis. (K voprosu o vliianii tret'ikh élementov na rezul'taty 
kolichstvennogo spektral’nogo analiza.) Nauwch. Dokl. Vysh. Shkol. In press. 

Ia. D. Rarkupaum: The influence of chemical composition of specimens on the intensity of 
lines in the spectro-analysis of ores. (Vliianie khimicheskogo sostava prob na intensivnost 
linii pri spektral’nom analize rud.) Izv. vysh. shkol., Fiz. No. 3, 1959 

I. M. Naarerxa: The determination of the concentration of atoms in an are discharge 
plasma from the width of the spectral lines and the connexion between the concentrations 
in the solid and gaseous phase (Opredelenie kontsentratsi! atomov \ plazmn dugovogo 
razriada po shirine spektral'ny kh linii i sviaz’ mezhdu kontsentratsiiami v tverdoi 1 
gazoobraznoi fazakh.) Jzv. Akad. Nauk, ser. fiz. 93, 1054 (1959) 

I. V. Popmoswensku and V. M. SHectemina: The determination of the absorption of 


analytical spectral lines of an arc and a spark. (Opredelenie pogloshchentia analiticheskikh 


spektral’nykh linii dugi i iskry.) Opt. ¢ spektr. 6, 813 (1959) 
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B. V. L’vov: An investigation of atomic absorption spectra by total evaporation of the 
substance in a graphite container. (Issledovanie atomnykh spektrov pogloshcheniia 
puter polnogo ispareniia veshchestva v grafitovoi kiuvete.) Inch. fiz. th. 2, 44 (1959) 

N. K. SuKkHOpREV and S. L. MANDEL’SHTAM The t« mperature of the electrode vapours 
in a spark discharge. (O temperature parov élektrodoyv v iskrovom razriade.) Opt. i spektr. 
6, 723 (1959) 

F. Z. Pepos, N.S. Sventrrsku and Z. I. Sa_terKova: Low voltage pulse discharge in 
vacuum for obtaining spectra. (Nizkovol tnyi impulshyi razriad v vakuume dlia polucheniia 
spektrov.) Opt. i spektr. 6, 815, (1959) 

V. L. Marzuvanov: The properties of an arc discharge in an atmosphere of certain gases. 
(Ob osobennostiakh dugovogo razriada v atmosfere nekotorykh gazov.) Izv. Akad. Nauk 
SSSR, ser. fiz. 23, 1059 (1959) 

V. P. Zaknarov and A. A. SuisHiovsku: An investigation of the entry of the material 
into an are plasma. (Issledovanie postupleniia veshchestva v plazmu dugi.) Jzv. Akad. 
Nauk. ser. fiz. 23, 1063 (1959) 

N. K. Rupywevsku, G. 1. Gourrsyn and V. P. Rysocukry: An investigation of the 
behaviour of the material of silicon bronze in an a.c. are discharge. (Issledovanie postu- 
pleniia veshchestva kremnistoi latuni v duge peremennogo toka.) Izv. Akad. Nauk SSSR, 
ser. fiz 23. 1065 (1959) 

O. 1. Nukrrona, M. G. Skurar, A. Ye. Gorevara and N. K. Ivanova: The relation between 
the composition of the solid and vapour phases in the spectro-analysis of alloys based on 
iron. (Zavisimost’ mezhdu sostavom tverdoi i paroobraznoi faz pri spektral’nom analize 
na osnove zheleza.) Izv. Akad. Nauk, SSSR, ser. fiz. 23, 1069 (1959) 

G. Ye. ZoLoTruKur and N. M. lazyKxova: The influence of the duration of a discharge on 
the rate of evaporation of particles from the surface of metallic electrodes. (Vliianie 
dlitel nosti razriada na skorost’ ispareniia chastits s poverkhnosti metallicheskikh élektro- 
dov dugi.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1072. (1959) 

E. A. Suuiy’sn and L. F. Taure: An investigation of the role of the polarity of the sample 
in the excitation of the spectrum in an a.c. are. (Issledovanie roli poliarnosti obraztsa pri 


vozbuzhdenii spektra v duge peremennogo toka.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 
1074 (1959) 


Iu. A. SHerstKov: Regarding the question of the applicability of the Cowen and Dieke 


function in the case of a direct current are. (K voprosu o primenimosti funktsii Kauena i 
Dike dlia dugi postoiannogo toka.) Opt. ¢ spektr. 6, 817 (1959) 

I. M. BeLtovsova, D. B. Gurevicn, V. K. Prokor’sv and Iv. A. Snecrev: Regarding 
the question of the time required for establishing equilibrium in an are discharge plasma. 
(K voprosu o vremeni ustanovleniia termodinamicheskogo ravnovesiia \ plazme dugovogo 
razriada Opt S pe kir. 7, 14 (1959) 

V. S. Bursakov and A. A. lankovsku: The application of contact spark selection of 
material in spectro-analytical investigations. (Primenenie kontaktno-iskrovogo otbora 
veshchestva v spektral’no-analiticheskikh issledovaniiakh.) Jzv. Akad. Nauk SSSR, ser. 
fiz. 23, 1099 (1959 

Ye. lL. Vorontsov The depx ndence of the total intensity of spectral lines on the concen- 
tration of atoms in a pulse discharge (Zavisimost polnoi intensivnosti spektral nyvkh 
linii ot kontsentratsii atomov \ impul’snom razriade.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 
(1959 

N. K. Rupwevsku and Yer. 8. OpuKHova: An investigation of the behaviour of the ma- 
terial of lead bronze in an a.c. arc. (Issledovanie postupleniiav eshchestva svintsovistoi 
latuni v duge peremennogo toka.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1067 (1959) 

K. Ll. TaGanoy Some spectroscopic investigations of the effect of the polarity of the 
electrical errosion of metals Nekotorye spektroskopicheskie issledovaniia éffekta poliar- 
nosti elektricheskoi érrozii metallov.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1097 (1959) 


2. “Influences” in spectro-analysis 
N. V. Butanov: The influence of the chemical composition of the sample on the intensity 
of the basic spectrum and on the results of spectro-analysis. (Vliianie khimicheskogo 
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sostava proby na intensivnost’ spektra osnovy i na resul’taty spektral’nogo analiza.) Jzv. 
Akad. Nauk SSSR, ser. fiz. 23, 1083 (1959) 

A. M. Borsar and A. A. Saisuitovsku: On the connexion of th diluting action of “third” 
components with the migration of material in light sources for spectro-analysis. (O sviazi 
razbavliaiushchego deistviia “‘tret’ikh sostavliaiushchikh perenosom veshchestva 
istochnikakh sveta dlia spektral nogo analiza.) Izv. Akad. Nauk SSSR, ser. fiz 23, 1086 
(1959) 

I. A. Grikir: An investigation of the causes of selective destruction of alloys by a spark 
discharge. (Issledovanie prichiny selektivnogo razrusheniia splavov iskrovym razriadom.) 
Izv. Akad. Nauk SSSR, ser. fiz. 23, 1091 (1959) 

L. Ye. VvEpENSKiI and V. I. SHeKHOBALOVA: The influence of “third” elements in the 
spectro-analysis of molten metals with a condensed spark Viiianie “tret‘ikh” élementoy 
pri spektral’‘nom analize rasplaviennykh metallov s kondesirovannoi iskroi.) / Akad, 
Nauk SSSR, ser. fiz. 23, 1093 (1959) 

G. V. Ocuevkrse: A method of taking account of the influence of a third component on the 


relative intensity of an analytical pair of lines. (Metod ucheta vliianiia tret’ei komponenty 


na otnositel'nuiu intensivnost’ analiticheskoi pary linii.) Inzh. fiz. zh. 2 (6), 54 (1959) 
T. K. Arparov, A. Ye. ZAK and Yr. 8S. SaFonova: The influence of certain elements in 
the determination of alkali metals by the method of flame photometry. (QO viiianii 


nekotorykh élementoy pri opredelenii shchelochnykh metallov metodom plamennoi 
fotometrii.) Zav. lab. 25, 263 (1959) 

A. K. Rusanov and L. 1. Sosnovskata: Consistencies in the influence of “third” elements 
in the spark discharge analysis of solutions. (Zakonomernosti vliianiia ‘ tret ikh” élemen- 
tov pri iskrovom analize rastvoroyv.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1079 (1959 

A. M. SHAvVRIN and M. A. Zorin: Regarding the influence of the « ymposition of powdered 
substances on the relative intensities ot spectral lines. (kK voprosu viiianiia sostava 
poroshkoobraznykh veshchesty na otnositel’nye intensivnosti spektral’nykh linii.) Jzr. 
Akad, Nauk SSSR, ser. fiz. 23, 1077 (1959) 


3. Analysis of ores 


R. S. Ruprnovicn and A. 8. Persuim: The pneumatic method of introducing powder 
samples into an are discharge. (O pnevmaticheskom sposobe vvedenia poroshkovykh prob 
v dugovoi razriad.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1163 (1959) 

G. 1. Krptsov and M. I. Rezvova: Quantitative spectro-analysis of materials by the 
injection method. (Spektral’nyi kolichestvennyi analiz veshchestv metodom vduvaniia.) 
Inch. fiz. th. 9 (6), 47 (1959) 

QO. F. Curesnoxoy and Iv. A. Korerkin: Improvement of the method of scattering samples 
in spectro-analysis. (Usovershenstvovanie metoda prosypki prob pri spektral’nom 
analize). Zav. lab. 24 (12). 1487 (1959) 

I. 1. Smouiak: Improvements in the AVR-2 apparatus. (Usovershenstvovaniia aparata 
AVK-2.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1165 (1959) 

Yr. A. SERGEEV, L. 8S. P. A. Streranov, M. V. BeLopracrna and N. A. NIkt- 
TINA: Increasing the sensitivity of the spectro-analysis of mining strata by chemico-thermal 
concentration of micro-elements. (Povyshenie chuvstvitel’nosti spektral’nogo analiza 
gornykh porod na osnove khimiko-termicheskogo kontsentrirovaniia mikro-¢lementov.) 
Zav. lab In press 

P. A. Stepanov, YE. A. SerGerev, M. V. BELoBRaGina and M. 8S. Lesucureskara: Rapid 
spectro-analysis of metallometric samples for rare alkalis, boron, fluorine and other 
elements. (Skorostnoi spektral’nyi analiz metallometricheskikh prob na redkie shchelochi, 
bor, ftor i drugie élementy.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1149 (1959) 

V. V. Kororev and FE. Ye. Varysutrars: The use of a pulsed source for spectrum excita- 
tion for carrying out silicate spectro-analysis. (Primenenie impul’snogo istochnika voz- 
buzhdeniia spektrov dlia vypolnenia spektral’no-silikatnogo analiza.) Zh. anal. khim. 13, 
627 (1958) 

V. V. PLASTININ: Spectro-analysis of micas. (Spektral’nyi analiz sliud.) Zav. lab. 25 (5), 


557 (1959) 
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T. S. Resnerrxa: Quantitative spectro-analysis of intrusive mining strata for principle 
components. (Kolichestvennyi spektral’nyi analiz intruzivny kh gornykh porod na glavnye 
komponenty.) Izv. Akad Vauk SSSR, ser. fiz. 23, 1050 (1959) 

L. 1. PavLENKO: A chemico-spectral method of quantitatively determiming molybdenum 
and tunsgten in voleanic mining strata. (Khimiko-spektral’nyi metod kolichestvennogo 
opredeleniia molibdena i vol'frama v izverzhenny kh gornykh porodakh.) Jzv. Akad, Nauk 
SSSR, ser. fiz. 23, 1152 (1959) 

N. P. Ivanov: Spectro-determination of uranium by the method of isotope additions. 
(Spektral’noe opredelenie urana metodom izotopny kh dobavok.) Izv. Akad. Nauk SSSR, 
ser. fiz. 23, 1154 (1959) 


4. Analysis of slags 
O. 1. Nexrrrxa: Results of work on the preparation of spectro-methods of analysing blast- 
furnace slags and fluxed agglomerate. (Itogi raboty po podgotoy ke sp ktral’nvkh metodov 
analiza domennogo shlaka i ofliusovannogo aglomerata.) Jzr. Akad. Nauk SSSR 23, 1159 
M. N. Surutman. V. P. Avprenxko, Ye. V. Zvereva, V. M. SHTEINBERG and T. A 


YEREMEEVA Che feasibility of using a pulsed source for the analysis of slags and ag- 


(O vozmozhnosti ispol’zovaniia impul’shogo istochnika dlia analiza shlakov i 
| 


Zar. lab. In press 


K. MAIBORODA ‘ wing the influence of the mineral composition on the results of 


rlomerate Ob umen’shenii vliianiia mineralogicheskogo 
na rezul tat, tral’nogo analiza ofliusovannogo aglomerata.) Izv. Akad. Nauk, 
93, 1162 (1950 


LONOVA \ study of the accuracy of the sper trographic method of analysing open- 


tion using spark excitation Izuchente toc hin Sti spe ktrogt heskogo 


enovskikh shlakov iz rastvora s primeneniem iskrovogo vozbuzhdeniia. ) 


5. Analysis of pure materials 

\. DvorzuersKara, L. A. Markovsku and L. La. KHLEBNIKOVA: 
uminophor-pure zi ilphide and sulphate using chemi il enrichment. 

uminofornochist vk fi i sul’ fata tsinka s primeneniem khimich- 
] Vauk SSSR, #0 93, 1153 (1959) 
Ku. Ll. Zn RSHTEIN al N. Nuxrriexa: Some problems of the 

aporation method for the spectro-analysis ol high-purity silicon. 
primeneniia metodiki ispareniia dlia spektral’nogo analiza kremnua 


Zav. Lab. In press 


6. Determination of high contents 
analysis of gh concentrations taking account of the influence of 
Analiz vvsokikh kontsentratsii s uchetom vliianiia “‘tret’ikh” 
i tkhad. Nauk SSSR, ser. fiz. 23, 1130 (1959) 
VARLAMOVA and N. 8S. SvENTITSKU: Spectro-determination of high component 
f the noble metals Spektral’noe opredelenie vysokikh soderzhanii 


plavov blagorod vkh metallov.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1133 


Komarovsku: The determination of high contents of elements in steels and alloys 
e spectro-method. (Opredelenie vysokikh sods rzhanii élementoy v staliakh i splavakh 
spektral nym metodom Izv. Akad. Nauk SSSR, ser. fiz. 23, 1135 (1959) 

S. I. Berocer and L. M. Spectro-analysis of magnitic alloy of the “alni’ ‘type 
and of babbitts by the contact electric spark transfer method. (Spektral’nyi analiz magnit- 
nogo splava tipa “Alni”’ i babbitov metodom kontaktno-élektroiskrovogo perenosa.) Zav 


Lab. In press 
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7. Local analysis 
N. V. Korotev: Equipment for emission micro-spectro-analysis. (Ustanovka dlia émis- 
sionnogo mikrospektral’nogo analiza.) Zav. lab. 25 (8), 1014 (1959) 
I. L. Mirkin and BE. P. RikmMan: Certain features of the local analysis of complicated 
alloys. (O nekotory kh osobennostiakh lokal nogo analiza slozhny kh splavov.) Izv. Akad. 
Nauk SSSR, ser. fiz. 23, 1167 (1959) 
A. G. KoMarovski: Spectrographie determination of the « omposition of surface layers in 
the thermochemical treatment of alloys. (Spektograficheskoe issledovanie sostava 
poverkhnostnykh sloev pri termokhimicheskoi obrabotke splavov.) Jzv. Akad. Nauk 
SSSR, ser. fiz. 23, 1109 (1959) 
V. V. BoGDANOV A$ Improved equipment for local spectrographic analysis. (Usovershen- 
stvovannaia ustanovka dlia lokal’nogo spektral’nogo analiza.) Jzv. Akad. Nauk SSSR, 
ser. fiz. 23, 1171 (1959) 

8. Gas analysis 
K. A. SukHEeNnKo, V. S. Gricorova, V. S. Lixpsrrem. N. 8 SVENTITSKAIA and P. P. 
GALONOVA: The determination of oxygen in technical titanium by the spectro-method. 
(Opredelenie kisloroda v tekhnicheskom titane spektral’nym metodom.) Izv. Akad. Nauk 
SSSR, ser. fiz. 23, 1116 (1959) 
N.S. Sventirsku, K. I. TaGanov and Z. I. SuterKova: Certain features of the spectro- 
determination of oxygen in titanium. (Nekotorve osobennosti spektral’nogo opredeleniia 
kisloroda v titane.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1118 (1959) 
N. G. Isarv: Regarding the unprovement of the spectro-method of determining hydrogen 
nm titanium allovs (kK usOV«e rshenst vovanilu sp ktral’nogo metoda opredeleniia vodoroda 
Vv titanovykh splavakh.) Zar. lab. In press 
T. F. Ivanova, M. E. Trenrovivus and V. V. Feporov: The problem of using the spectro- 
isotope method for determining hydrogen. (K voprosu 0 primenenii spektral’no-iz« topnogo 


metoda opredeleniia vodoroda.) Jzv. Akad. Naul SSSR, ser. fiz. 23, 1120 (1959) 

K. A. SukHEeNKo, P. P. Gatonova and T. V. BarysHeva: The determination of nitrogen 
in steels of various compositions. (Opredelenie azota v staliakh razlichnogo sostava.) 
Izv. Akad. Nauk SSSR, ser. fiz. 23, 1123 (1959) 

N. V Br IANOV, L. M. Fr DOROVA and VY. F. Kor rkOV: The influence of che mical com- 
position and thermal treatment of the sample on the results of determining hydrogen by 
the spectro-meth (V liianic khimicl eskog sostava 1 termoobrabotki roby na rezui tat 
opredeleniia azota spektral’nym metodom.) Jzv. Akad. Nauk SSSR. ser. fi . 23, 1126 (1959) 


S. A. Skornrkov: The determination of nitrogen in chromium and titanium. (Opredelenie 


azota v khrome i titans Izv. Akad, Nauk SSSR, ser. fiz. 23, 1129 (1959) 
O. A. Bocukova, L. P. Razumovskasa, 8S. E. Frisu and N. V. Cuerny SHOVA: Simplified 
methods for the spectro-analysis of inert gases for impurities. (Uproshchennye metody 


spektral’nogo analiza inertnykh gazov na primesi.) Opt. i spektr. 6, 818 (1959) 


9. Instruments 


M. V. Lopacnev, 8. V. I. I. Trrcesnrx and A. B. SHaprina: The 


DSF-10 multichannel photoelectric apparatus for emission spectro-analysis. (Mnogokanal 
naia fotoelektricheskaia ustanovka DFS-10 dlia émissionnogo spektral’nogo analiza Zav. 
lah. 25, (1959) 

M. ie SRITSKE and [. A. BuROVO! An automatic flame spectro photometer. (Avtomati- 
cheskii plamne nny! spektrofotometr ) T'svet. met. No. 9 (1958) 

M. Ek. Brivske and Yr. A. Lavrova: The use of the DES-1 photoelectric stvylometer for 
the analysis of non-conducting powders. (Primenenie fotoélektricheskogo stilometra 
DEF-1 dlia analiza neprovodiashchikh poroshkoyv.) Zar. lab. 25 (8), 970 (1959 

S. A. KuksHanovskn: A mirror spectrograph with a large focal length. (Zerkal’nvi 


spektrograf s bol’shoi dlinoi snimka.) Jzv. Akad. Nauk SSSR, ser. fiz. 2B, 1100 (1959 
A. K. VinoGrapova and L. M. Ivanrsov: Raster illuminators with cylindrical optics. 
(Rastrovye osvetiteli s tsilindricheskoi optikoi.) Opt. i spektr. 6 (6), 829 (1959) 
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Iu. A. lakopr and 8S. 1. MAksrmov: A photoelectric apparatus based on the ISP-22 spectro- 

graph. (Fotoelektricheskaia ustanovka na osnove spektrografa ISP-22.) Izv. Akad Nauk 

SSSR, ser. fiz. 23, 1105 (1959) 

M. M. Aversu«n, N. V. N. V. I. 1. D. Pex’ ko and 

| STREL TSOVN New photoeles tric spectro apparatuses. (Novve fotoel ktricheskie 

spektral nye apparaty.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1105 (1959) 

M. M. Burstov. A. K. L. M. Ivantsoy, G. N. Kuruzova and 8, L. MANDEL’ 

sHTaAM: Photoelectric stvlometers with visual control of the position of the iny isible lines 

of the spectrum. (Fotoélektriche skie stilometry s vizual’nym kontrolem polozheniia 

nevidimykh linii spektra.) Jz. AA wl. Nauk SSSR, ser. fiz. 23, 1110 (1959) 

P. Aramanov. V. N. and L. I. Ivantsov: The stabilization of the position 
the spectrum by thermostating spectro-equipment. (O stabilizatsii polozheniia spektra 

putem termostatirovaniia spektral’nykh ustanovok.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 

1112 (1959 

L. M. Ivantsov and A. I. SHerupriito: A photographie addition to spectrographs of the 

type. (Fotoelektricheskaia pristavka k spektrografu srednei model.) Izv. Akad. 

SSSR, ser. fiz. 23, 1114 (1959) 

Kaurreevsku, G. M. Marysuev and M. P. Cuarka: A photoelectric spectrometer 
with a Fabrv—Pérot interferometer. (Fotoelektricheskii spektrometr s interferometrom 
Fabri-Pero.) Opt. i spektr. 6, 820 (1959) 

V.N. Vovgk and [. G. Savicu: Rapid analysis on a model of the photoelectric apparatus 

GOL construction. (Ekspress-analiz stalei na makete fotoe lektricheskoi ustanovki 

Gol Zar. lah. 25 (8), 969 (1959) 

SckHenKo. K. A. Moreeva, L. D. Merevona, I. G. N. V. and 
D. G. Bakanov: The analysis of light and heat-resistant allovs and steels by the photo- 

etric method. (Analiz legkikh izharoproch nykh splavoy i stalei fotoélektricheskim meto- 

Izv. Aka Vauk SSSR, ser. fiz. 23, 1107 (1959) 

M. Vesevovskara: Rapid analysis of open-hearth slags on the FES-1 instrument. 
Ekspress-analiz martenovskikh shlakov na pribor FES-1.) Zav. lab. 25, 981 (1959) 
I. S. Apramsown, 8S. N. and V. A. Stavnyi: The influence of “third” elements im 
ng undisperse: un internal standard. (O vliiani élementov pri 
‘spol zovanii nerazlozhennogo sveta v kachestve vnutrennego standarta.) Izv. Akad. Nauk 
SSNS BP. ser. fiz 93. LOST (1959) 
T. V. KovaLenko: The use of the FES-1 instrument for analysing gases in metals. 


Ispol'zovanie pribora FES-1 dlia analiza gazov v metallakh.) Zav. lab. In press 


10. Standards 


4. B. SHAEvicH: Standards for the determination of impurities in granulated complicated 
ferrous allovs. (Ob étalonakh dlia opredeleniia primesei v izmel’chaemykh slozhnykh 
plavakh tha 4 Vauk R, ser. fiz 93, L139 (1959) 


\. A. Kuranov: Methods of preparing standards for the spectro analysis of noble metals. 


Metody prigotovleniia étalonov dlia spektral’nogo analiza blagorodny kh metallov.) Jz. 
jkad. Nauk SSSR, ser. fiz. 23, 1140 (1959 

Ye. S. Kupewia and A. 5. DEM IANCHUK: Some calibration methods for the spectro- 
analysis of allovs. (O nekotorykh sposobakh ¢talonirovaniia pri spektral’nom analize 
seplavov.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1143 (1959) 

Ye. P. Barankrya: The use of the method of “fractional exposition” for the spectro- 
analysis of certam alloys. (Primenenie Tri toda drobnogo éksponirovaniia”’ dlia spektral’ 
nogo analiza nekotorykh splavov.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1145 (1959) 

K. A. Sukuenko. O. I. MLADENTSEVA and A. V. AKseNova: The preparation of standards 
of various allovs and the investigation of the influence of “third” elements. (Izgotovlenie 
étalonov razlichnykh splavov i issledovanie viiianiia “tret’ikh” élementov.) Jzv. Akad. 
Nauk SSSR, ser. fiz. 28, 1147 (1959) 
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11. Miscellaneous 

93. K.S. Garcrer, G. D. Krivuria, F. 8. Orrenperc and V. I. Trorrmova: An investigation 
of the spectrum of a converter flame for different blowing methods. (Issledovanie spektra 
konverternogo plameni pri razlichnykh sposobakh produvki). Zav. lab. 25 (5), 573 (1959) 

94. S. K. V. L. Mazurvanov, E. Ye. Farx, G. M. V. N. PEREVERTUN 
and 8S. L. Tereknwovicu: An atlas of spectral lines for a spectrograph with a diffraction 
grating. (Atlas spektral’nykh linii dlia spektrografa s difraktsionnoi reshetkoi.) Jzv. 
Akad, Nauk SSSR, ser. fiz. 28, 1061 (1959) 

95. V. V. NaLimov: Statistical investigation in analysing a material. (Statisticheskie issledo- 
vaniia pri analize veshchestva.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1137 (1959) 

96. G. T. LrrovcHENKo and 8. A. Suiprrsyn: Spectrographic determination of the ratio of 


the contents of strontium and calcium in biological objects. (Spektrograficheskoe oprede- 
lenie sootnosheniia soderzhanii strontsiia i kal’tsiia v biologicheskikh ob’ektivakh.) Jzv. 
Akad, Nauk SSSR, ser. fiz. 28, 1156 (1959) 

97. S. G. Bocomorov, V. D. Dopriz and A. G. Morozov: Spectro-determination of micro- 


elements in the proteins of tissues. (Spektral’noe opredelenie mikroélementov v belkakh 
tkanei.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1158 (1959) 

98. I. G. Tupevevicn, I. R. SHevpakova, T. I. SoswovsKara and L. 8. BortntkK: Spectro- 
graphic control of rare metal manufacturing processes. (Spektrograficheskii kontrol’ 
protsessov proizvodstva redkikh metallov.) Zav. lab. 25 (8), 959 (1959) 

99. N.S. Sventirsku and K. I. Kacanov: The spectroscopic investigations of the electro- 

erosion properties of titanium containing oxygen. (O spektroskopicheskikh issledovaniiakh 

élektroérozionnykh svoistv kislorodosoderzhashchego titana.) Jzv. Akad. Nauk SSSR, 

ser. fiz. 28, 1096 (1959) 


III. MOLECULAR SPECTROSCOPY 


1. Combination scattering spectra 


100. B. Le: Some results of the spectro-investigation of the individual hydrocarbon composi- 


tion of the oils of tartaria. (Nekotorye itogi spektral’nogo issledovaniia individual’nogo 
uglevodorodnogo sostava neftei Tatarii.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1174 (1959) 
101. V. T. ALEKSANTAN, Ku. Ye. Sverrn and 8. A. Analysis of hydrocarbon mixtures 
by combination scattering spectra. (Analiz uglevodorodnykh smesei po spektram kom- 
binatsionnogo rasseianiia sveta.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1177 (1959) 
102. A. N. Kistixskit and A. A. Perrov: Combination scattering spectra of some Cy, hydro- 


carbons. (Spektry kombinatsionnogo rasseianiia nekotorykh uglevodorodov (,,). Izv. 
Akad. Nauk SSSR, ser. fiz. 28, 1179 (1959) 
103. S. Mints and 8. Kintsku: An investigation of aqueous solutions of uranyl nitrate by the 


combination scattering method. (Issledovanie vodnykh rastvorov azotnokislogo uranila 
metodom kombinatsionnogo rasseianiia sveta.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1182 
(1959) 


104. S. Mints and 8. Osersku: An investigation of solutions of zine chloride in methanol by 


the combination scattering method. (Issledovanie rastvorov khloristogo tsinka v metanole 
metodom kombinatsionnogo rasseianiia sveta.) Jzv. Akad. Nauk SSSR. ser. fiz. 23, 1184 
(1959) 


2. Infra-red spectra 


105. S. V. Markova and P. A. Bazuuury: A determination of the infra-red absorption coef- 


ficients of the CH, group in dicyclic compounds. (Opredelenie koeffitsientov infra- 


krasnogo pogloshcheniia CH, grupp v ditsiklicheskikh soedineniiakh.) Izv. Akad. Nauk 
SSSR, ser. fiz. 28, 1186 (1959) 

106. Ye. A. Guesovskaia and E, I. Maxsrmov: The determination of linear CH, groups in 
open chains by means of infra-red absorption spectra. (Opredelenie lineinykh CH, grupp 


otkrytykh tsepei pri pomoshchi infrakrasnykh spektrov pogloshcheniia.) Izv. Akad. Nauk 
SSSR, ser. fiz. 23, 1194 (1 159) 
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A. F. Matveev. V. T. Sxurar, I. M. G. A. L. I. and 
YI F. SHEVCHENKO An investigation of the composition of high-molecular-weight 


107. 


hvdrocarbon fraction of oils from the Bitkov source by means of infra-red absorption 
tra. (Issledovanie sostava vvsokomolekuliarnoi uglevodorodnoi chasti neftei Bitkovs- 
mestorozhdeniia pri pomoshchi infrakrasny kh spektroy pogloshcheniia. ) Izv. Akad. 

Vauk SSSR, ser. fiz. 23, 1192 (1959) 

Ye. I. Poxrovskiu: The determination of the intensities of the absorption bands of the 
y vibration in the infra-red spectrum. (Opredelenie intensivnostet polos 

loshcheniia valentnykh kolebanii C-——-H v infrakrasnom spektre.) Jzv. Akad, Nauk 

SSS R, ser . 23, 1189 (1959) 

L. G. Zevenskara, A. V. ToGANSEN and G. A. Kurcnxi: Quantitative determination of 
if the manufacture of caprolactam on an IKS-12 infra-red spectrometer 
nye opredeleniia produktov proizvodstva kaprolaktama na infrakrasnom 

re IKS-12.) Zav. lab. 25, 299 (1959) 
DNEVSkiI and V. V. ZHarKov: The use of quantitative molecular spectro- 
certail in the production of phenol and acetone. (Primenenie kolichest- 
ro spektral’nogo analiza na nekotorykh stadiiakh proizvodstva 
lah. 25, 297 (1959 
r. A. ZavarirsKara, G. S. Dentsov and V. M. CHULANOVSKII: 
red spectroscopy to the analysis of titanium tetrachloride. 


infrakrasnoi spektroskopii k analizu chetyrekhkhloristogo titana.) Zav. lab. 


Neporent and V. A. Fursenkov: Spectro-determination of the 
layers of the atmosphere. (Spektral’noe opredelenie \ lazhnosti 
iakh atmosfery.) Opt. ¢ spektr. 6, 801 (1959) 
S. Potak, A. V. Torcnrev and N. [a. Coerniak: A study of the 
ves by means of ultra-violet and infra-red spectra. (Izuchenie radioliza 
1 UF- i [K-spektrov.) Izv. Akad. Nauk SSSR, ser. fiz 93, 1253 (1959) 
N. Nuxitix: The hydrogen bond and the ability of o-, m- and 
to polymerize (Vodorodnaia sviaz’ i sposobnost’ k 


par alkoksifenilme takrilamidov.) Izv. Nauk SSSR, Ser. 


SHUVALO\N A comparative study of the photo and thermal 
the method of infra-red spectroscopy. (Srav- 
atsetalei polivinilovogo spirta metodom infra- 

SSSR, Ser. fiz. 23, 1205 (1959) 
NSHTEIN: An investigation of isotactic polymers by 
dovanie izotakticheskikh polimerov pri pomoshchi 
Vauk SSSR. ser. fiz 93. 1208 (1959) 
| absorption spectra for the study of structural changes 
eing. (Ispol’zovanie infrakrasnykh spektrov 
vkh izmenenii ne kotory kh ftoroplastov, podverg- 
SSS RP, ser. fiz. 23, 1210 (1959) 
me swelling by means of polarized infra-red light. 


pomoshch’iu poliarizovannogo infrakrasnogo sveta.) 


The application of infra-red spectroscopy to the study 

oO chlorid (Primenenie infrakrasnoi spektroskopii k 

eniia polivinilkhlorida.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1202 (1959) 

and I. N. YERMOLENKO The infra-red spectra of 

atives (Joint report). (Infrakrasnye spektry tselliulozy i yeye 
auk SSSR, ser. fiz. 23, 1222 (1959) 

Kuz’ mMinsku: An investigation of the structural changes of 

f mineral acids. (Issledovanie strukturnykh prevrash- 

od deistviem mineral’nykh kislot.) Izv. Akad. Nauk SSSR, ser. fiz. 
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L. A. Kazirsyna, B. V. Loxsutiy, L. L. Potstianko and A. P. TeRENT’EV: The infra red 
spectra of internal complex compounds in the region of the N—-H valeney vibrations 


(Infrakrasnye spektry nekotorykh vnutrikompleksnykh soedinenii v oblasti valentnykh 
kolebanii NH.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1196 (1959) 


M. O. BULANIN: The analysis of the isotope Composition of deutero-organic compounds by 
means of infra-red absorption spectra. (Analiz izotopnogo sostava deiteroorgani kikh 
soedinenii pri pomoshchi infrakrasnykh spektrov pogloshcheniia.) Izv. Akad. Nauk SSSR, 


ser. fiz. 23, 1224 (1959) 
A. A. Perrov and T. V. [akovieva: Infra-red spectra and the structure of the products 
of the telomerization of diene hydrocarbons with halogen derivatives Infrakrasnve 
spektry i stroenie produktov telomerizatsii dienovykh uglevodorodoy s galogenoproiz 
vodnymi.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 1217 (1959) 

5S. G. BoGomo ov, M. G. Bysrritskara and M. M. The characteristics of th 
pyridine series. (Kharakteristichnost’ v riadu piridina.) Izv. Akad. Nauk SSSR, sei 

23, 1199 (1959) 

L. A. Ienat’Eva: A study of the « and £-spodumene transition by the method of infra-red 
spectroscopy. (Izuchenie pererkhoda « i f-spodumenov metodom infrakrasnoi spektro 
skopii.) Opt. i spektr. 6, 807 (1959) 

A. I. Ts. N. P. N. BataBanova, F. L. MoLocHEvsKAIA. 
A. M. FisHer and G. P. Macuin: Spectro-photometric methods of analysing organic 
compounds in the chemical industry. (Spektrofotometricheskie metody analiza organiche- 
skikh soedinenii v khimicheskoi promyshlennosti.) Zav. lab. 25, 932 (1959 

D. 8S. GORBENKO-GERMANOV, R. A. ZENKOvA and T. L. Botorixa: A method of quanti 
tatively determining the water of crystallization in some crystal hydrates from thei 
absorption spectra in the near infra-red region (0-8—-2-5 ys) Metod kolichest vennogo 
opredeleniia kristallizatsionnoi vody v nekotorykh kristallogidratakh po ikh spektram 
pogloshcheniia v blizhnei infrakrasnoi oblasti.) Zh. anal. khim. 18, 590 (1958 

N. K. RupNEvsku and N. N. Vysainsku: The molecular spectrum of hexaethyl lead and 
the determination of its concentration in lead tetraethyl. (Molekuliarnyi spektr geksac 
tildisvintsa i opredelenie yego kontsentratsii v tetraétilsvintse.) Jzv. Akad. Nauk SSSR, 
ser. fiz. 23, 1228 (1959) 

A. A. Petrov and T. V. Iakovieva: The infra-red spectra and the structure of the 
products of the addition of various substances to vinyl acetylene hydrocarbons. (Infra 
krasnye spektry i stroenie produktov prisoedineniia razlichnykh veshchestv k vinilatsetil 
novym uglevodorodam.) Izv. Akad. Nauk SSSR, ser. fiz. 23, 1226 (1959 

M. 53. Kozyreva: An investigation of the ageing processes of castor oil by means of 
absorption spectra. (Issledovanie protsessa stareniia kastorovogo masla pri pomoshchi 
spektrov pogloshcheniia.) Izv. Akad. Nauk SSSR, ser. fiz. 28, 1223 (1959) 

I. P. PLaksty and V. I. Sotnysukry: The infra-red spectra of certain flotation reagents. 
(Infrakrasnye spektry nekotorykh flotoreagentov.) Dokl. Akad. Nauk SSS R 124, 153 (1959) 
L. D. Kistovsku: The reflection spectrum and the optical characteristics of terylene in 
the 700-1300 em region. (Spektr otrazheniia i opticheskie kharakteristiki terilena \ 
oblasti 700-1300 em™.) Opt. i spektr. 6, 810 (1959) 

N. G, [arostavski and A. Ye. STanEvicn: The rotation spectrum of water vapour and 
the absorption of moist air in the 40-2500 1 wavelength region. (Vrashchatel’nvi spekt1 
parov H,O i pogloshchenie vlazhnogo vozdukha v oblasti dlin voln ot 40 do 2500 mikron 
Opt. i spektr. 6, 799 (1959) 

A. N. Stporov: The infra-red spectra of sublimed films of the oxyquinolates of metals 
(Infrakrasnye spektry sublimirovannykh plenok oksikhinolinatov metallov.) Op pektr 
6 (6), 812 (1959) 

N. A. Bortsevicnu, N. I. Makarevicnu, A. M. Prima, N. I. BarysHev and Yr. A. CHERCHES 
The identification of resinous acids from their infra-red spectra. (Identifikatsiia smolianykh 
kislot po ikh infrakrasnym spektram.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 1219 (1959 

A. V. loGansen: The determination of open CH, chains of various lengths from their 
infra-red absorption spectra. (Opredelenie otkrytykh tsepochek (CH,) razlichnoi dliny po 
infrakrasnym spektram pogloshcheniia.) Zav. lab. 25, 302 (1959) 
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3. Ultra-violet spectra 


V. T. Skuiar and A. P. Lizocus: An investigation of the composition of the aromatic 
part of the kerosene gas-oil fraction of Dolin oil from the absorption spectra in the 
ultra-violet region. (Issledovanie sostava aromaticheskoi chasti kerosino-gazoilevoi fraktsii 
dolinskoi nefti po spektram pogloshcheniia v ul’trafioletovoi oblasti.) Jzr. Akad. A rk 
SSSR, ser. fiz. 23, 1256 (1959) 

M. M. Kusakov and M. V. Suisuxrxa: The absorption spectra of hydrocarbons of the 
indane series in the near ultra-violet region. (Spektry pogloshcheniia uglevodorodoy riada 
indana v blizhnei ul’trafioletovoi oblasti.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 1251 (1959) 
N. I. Swerera, V. P. Kuznetsova, A. 8. NAKHMANOVICH and I. V. Katecuits: The 
absorption spectra of phenols in the ultra-violet region. (Spektry pogloshchenitia fenoloy 
v ul trafioletovoi oblasti.) Opt. t ape ktr. 6, 803 (1959) 


4. Paramagnetic resonance 
N. la. Busey, V. V. Vorvopsku, A. T. Korrrsxku, Iv. N. Mowry, I. lL. Caknerpze and 
V. N. SHamsnev: An investigation of free radicals formed in the process of irradiation by 
fast electrons by the electroni paramagnetic resonance method. ssledovanie metodom 
élektronnogo paramagnitnogo rezonansa svobodnykh radikalov, obrazuiushchikhsia \ 
protsesse oblucheniia bystrymi élektronami.) Opt. +. Spektr. 6, 806 (1959) 
N. N. Bupwnov, Iv. A. Soroxry, 8S. P. SoLODOVNIKOV and V. M. Curprikrn: An investiga- 
tion of derivatives of chromium dibenzene by the electroni paramagnetic resonance 
method Issledovanie proizvodnykh dibenzolkhroma metodom élektronnogo paramagnit- 
nogo rezonansa Izv. Akad. Nauk SSSR 23, 1263 (1959) 
N. La. Cuerniak, N. N. Buswov, L. 8S. Potsak, Iv. D. TsverKov and V. V. VoEvopskt: 
Certain regularities in the paramagnetic resonance spectra of alkyl radicals. (O nekotorykh 
zakonomernostiakh spektrakh élektronnogo paramagnitnogo rezonansa alkil nykh 
radikalov.) Opt. i spektr. 6, 564 (1959) 
Iv. D. Tsverkov, N. N. Buspnov and M. A. Maku.’sku: An investigation of the para- 
magnetic resonance spectra of certain polymers irradiated at 77°K. (Issledovanie spektrov 
EPR nekotorykh polimerov, obluchennykh pri 77 K.) Dokl. Akad. Nauk SSSR 122, 1053 
(1958) 
Iv. M. Mor and Iv. D. Tsverkov: The change in the form of the paramagnetic resonance 
line with temperature in peroxide type radicals. (Ob izmenenii formy lini élektronnogo 
paramagnitnogo rezonansa v radikalakh perekisnogo tipa Zh. fiz. khim. 33, 1668 (1959) 
N. N. Buswov, V. F. Tseratov and V. la. The electronic paramagnetic 
resonance spectra of the se miquinones of eosin and of living leaf (Spektry elektronnogo 
paramagnitnogo rezonansa semikhinonoy éozina i shivogo lista.) Izv. Akad. Nauk SSSR, 
ser. fiz. 23, 1265 (1959) 


5. Equipment 

A. G. Semenov: The development of the standard EPR-2 IKhF magnetic radiospectro- 
graph of enhanced sensitivity (Razrabotka seriinogo magnitnogo radiospektrografa 
povyshennoi chustvitel'nosti tipa EPR-2 IKhF.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1267 
(1959) 

V. A. Zupov, G. G. PerTrasH and M. M. SusHCHINSKII: Some applications of a spectrometer 
with large dispersion for molecular analysis from the combination scattering spectra. 
(Ne kotorye primenenia spektrometra s bol’ shoi dispersiel dlia molekuliarnogo analiza po 
spektram kombinatsionnogo rasseianiia sveta.) Opt. « spektr. 6, 827 (1959) 

Ss. L. Berxovicn, M. V. Gorrex, M. V. Lopacnev, T. K. and D. A. SHARONOV: 


The DFS-12 powerful illumination spectrometer with diffraction grating. (Svetosil'nyi 
spektrometr s difraktsionnymi reshetkami DFS-12.) Opt. i spektr. 6, 824 (1959) 

N.S. I. G. Prrrsywa, I. and I. L. The IKS-14 and IKS-12 
infra-red spectro photometers (Infrakrasnye spektrofotometry IKS-14 i IKS-12.) Jzv. 
Akad. Nauk SSSR, ser. fiz. 23, 1240 (1959) 
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G. N. Rassupova and F. M. Gerasimov: Diffraction gratings for the separation of the 
orders of a spectrum. (Difraktsionnye reshetki dlia razdeleniia poriadkov spektra.) Opt. i 
Spektr. 6, 826 (1959) 

V. I. MaLysnev and 8. G. Rautian: A vacuum double-beam diffraction spectro-photo- 
meter for the infra-red region. (Vakuumnyi dvukhluchevoi difraktsionnyi spektrofotometr 
dlia infrakrasnoi oblasti.) Izv. Akad. Nauk SSSR. ser. fiz. 28, 1237 (1959) 

I. V. Petsakuson: Optical systems for the focussing of infra-red radiation on detectors 
of small dimensions. (Opticheskie sistemy dlia fokusirovki infrakrasoni radiatsii na 
priemnik malykh razmerov.) Opt. i spektr. 6, 831, (1959) 

G. G. SLIUSAREV and N. I. KutrkovsKara: The measurement of the distribution of light 
energy in the diffraction image by means of filters of variable transparency. (Izmerenie 
raspredeleniia svetovoi énergii v difraktsionnom izobrazhenii posredstvom fil’trov peremen- 
noi prozrachnosti.) Opt. i spektr. 4, 486 (1959) 

Iu. P. SHcwHererKin: On some possibilities of correcting astigmatism on the Rowland 
circle in equipments. A vacuum monochromator with a concave grating and toric mirror. 


leniia vertikal’nogo astigmatizma v ustanovkakh 


(O nekotorykh vozmozhnostiakh ispray 
na Okruzhnosti Roulanda. Vakuumnyi monokhromator s vognutoi reshetkoi i toricheskim 
zerkalom.) Opt. i spektr. 6, 822 (1959) 

la. I. GeRLovin and P. V. StopopsKata: Increasing the sensitivity of the optico-acoustic 
method of yas analy Sis by using containers with rv peate d passage ol radiation. (Poy \ shenie 
chuvstvitel'nosti optiko-akusticheskogo metoda gazovogo analiza putem primeneniia 
kiuvet s mnogokratnym prokhozhdeniem radiatsii.) Zav. lab. 25, 303 (1959) 

B. I. SukworuKkov and A. I. FrixKket’sHrer: Spectro-photometric analysis by the 
‘heterochromatic null point’ method. (Spektrofotometricheskii analiz po metodu “‘nulevoi 
geterokhromaticheskoi tochki’’.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 1230 (1959) 

(+. G, Perrasu: The choice of scanning velocity, optimum time constant and slit width in 
spectrometric measurements. (O vybore skorosti skanirovaniia, optimal’ noi postaiannoi 
vremeni i shiriny shchelei pri spektrometricheskikh izmereniiakh.) Opt. « spektr. 6, 792 
(1959) 

L. S. AGroskin and N. V. Koro.ev: Microscope spectro-photometers. (Mikroskopy- 
sp ktrofotometry .) Opt. ¢ spektr. 6, 832 (1959) 

A. F. Mav’Nev and G. A. Pucnkovskaia: A vacuum infra-red spectrometer for factory 
control and determination of oil in petroleum products from the absorption spectra. 
(Vakuumnyi infrakrasnyi spektrometr dlia zavodskogo kontrolia i opredelenie masla \ 
nefteproduktakh po spektram pogloshcheniia.) Jzv. Akad. Nauk SSSR, ser. fiz. 23, 1244 
(1959) 

K. 8. Liatikov, I. N. Betonocova, K. Ye. Mecesuxo, I. V. SEMENCHENKO and A. P. 
KHARCHENKO: New equipment and tec hnique for studying the spectrum of reflection 
from the earth’s surface. (Novaia apparatura 1 metodika dlia izucheniia spektrov otraz- 
heniia zemnoi poverkhnosti.) Jzv. Akad. Nauk SSSR, ser. fiz. 28, 1247 (1959) 

D. B. Gurevicu, V. K. Proxor’rv and Iv. A. Snecirrev: Photoelectric instruments for 


recording the emission spectra of short-time processes (Fotoélektricheskiepribory dlia 
registratsii spektrov svecheniia kratkovremennykh protsessoy Trudy Komissii po piro- 
metrii pri Vsesoiuznom nau hno-issledovatel’ skom institute metroloqii | Transactions of the Come 


mission on pyrometry attached to the All-Union Metrology Research Institute) 1, 51 (1958) 


6. Miscellaneous 


A. V. Suvorov, 8. A. SucuuKarev and G. N. Novikov: The feasibility of molecular 
spectro analy sis of vapours ina wide temperature range (QO vozmozhnosti molekuliarnogo 
spektral’nogo analiza parov v shirokom temperaturnom intervale.) Jzv. Akad. Nauk 
SSSR, ser. fiz. 23, 1248 (1959) 

Z. V. ZuipKova and T. A. SperansKara: The measurement of diffuse reflection spectra 
in the region of intersection of the dispersion curves of the connecting media and of the 
material of the particles of the scattering media. (Ob izmerenii spektrov diffuznogo 
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oblasti peresecheniia krivykh dispersu sv iazuiushchikh sred i veshchestva 


otrazhenia \ 
chastits rasseivaiushchikh sred. Opt. i spektr. In press 
A. S. Tororers: An investigation of absorption and scattering of light in pigments. 


(Issledovanie pogloshcheniia i rasseianiua sveta v pigmentakh.) Opt. ¢ spe ktr. 4, 494 (1958) 
V. M. Vaprweov: Experience in using molecular spectro analysis in bacteriology and 
(Opyt primenenia molekuliarnogo spektral’nogo analiza v bakteriologii | 


Izv. Akad. Nauk SSSR, ser. fiz 23, 1260 (1959) 


immunology 


immunologii.) 


1¢ 
: 


Printed in Northern Ireland 


Pergamon Press Ltd 


Spectrochimica Acta, 1960, Vol. 16, pp. 1135 to 1147 


Triplet—singlet emission spectra of benzene in a crystalline matrix of 
cyclohexane at 4-2°K and 77°K*+ 


H. Sponer, Yosutya Kanpat and Lawrence A. BLACKWELLS§ 
Duke University, Durham, North Carolina 


(Received 11 April 1960: in re vised form 16 June 1960) 


Abstract—The triplet-singlet emission of benzene in a crystalline matrix of cyclohexane was 
found to consist of a great number of well-defined bands between 3388 and 4712 A which are 


particularly sharp at 4°K. The pattern is that of a band system built upon three ‘‘zero”’ levels 
the middle of which is the strongest and hence acts as origin for the main bands of the spectrum. 


The vibrational analysis is fairly straightforward and is in agreement with a *B,, --1A,, or 


3B > ‘Aye transition. It is suggested that the two main “zero” levels represent positions of 


benzenes of slightly different energies in the cyclohexane lattice. Occurrence of ordered groups 


of pure and mixed composition in the liquid mixture benzene-cyclohexane are considered 


important for the crystallization process of the mixture. 


Introduction 
Tue long-lived emission spectrum of benzene was one of the many luminescences 
first observed by Kowa.ski [1] (1911) in alcohol solution at low temperature. 
JABLONSKI [2] explained the occurrence of these luminescences of long duration 


in aromatic compounds by assuming a metastable level below the lowest excited 


singlet. SkLAR [3] in his paper on the electronic energy levels of benzene suggested 
that an extremely weak and diffuse absorption band he had found in liquid benzene 
at 3400 A be identified with the lowest triplet, and Lewis and Kasua [4] suggested 
that JABLONSKI's metastable state is in all cases the lowest triplet of the particular 
molecule. They located the triplet-singlet emission in benzene in rigid glass 
solution at 29,800—22,700 em~' and the corresponding absorption [5] at 29,400 


32,100 cem-!. The singlet-triplet absorption bands were later observed by Prrts 


[6] in liquid benzene and in concentrated solutions. The detailed analysis of the 
T --S emission spectrum of benzene in EPA‘ at 77°K was given in 1949 by 
SHULL [7], and independently by Dikun and SvesHnrkov [8] in alcohol solution 
at 90°K. The very weak band at 29,470 em~! and 29,575 em~', respectively, was 


+ Supported by the National Science Foundation. Presented at the Symposium on Molecular 
Structure and Spectroscopy at the Ohio State University, Columbus, Ohio, June 1956. 
+ Present address: Department of Chemistry, Faculty of Science, Kyushu University, Fukuoka, 


Japan. 
§ Present address: Texas Instruments, Inc., Dallas, Texas 
© EPA is a solvent mixture of 5 parts ¢ thyl ether, 5 parts isopentane, 2 parts ethanol, by volume 
J. pe Kowa ¢ ompt rend. 151, 810 (1910); Physik. Z. 12, 956 (1911) 
2) A. Jaspionski, Z. Physik. 94, 38 (1935). 
3) A. L. Sxrar, J. Chem. Phys. 5, 669 (1937) 
41 G. N. Lewis and M. Kasna, J. Am. Chem. Soc. 66, 2100 (1944). 
15) G. N. Lewis and M. Kasna, J. Am. Chem. Soc 67, 944 (1945). 
(6) A. C. Prrrs, J. Chem. Phys. 18, 1416 (1950). 
7) H. Suu, J. Chem. Phys. 17, 295 (1949). 
[8] P. P. Dixuw and B. Ya. SvEsHNIKov, Doklady Akad. Nauk S.S.S.R. 65, 637 (1949); Zhur. Eksptl. 
i Teoret. Fiz. 19, 1000 (1949). 
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interpreted as 0.0 band. The extreme weakness of the transition results from its 
being an intercombination and also symmetry forbidden. Recently Evans [9] 
showed that dissolved oxygen strongly induces S —- 7 transitions of aromatic 
molecules. He succeeded in obtaining S —> T absorption in benzene vapor mixed 
with oxygen at high pressures [ 10}. 

Lifetime measurements of the benzene phosphorescence were carried out in 
rigid glass solutions by several authors [11-14]. The lifetime varies with the 
solvent. A value of 7-0 see was found in EPA [11], 3—4 sec in ethanol and 7 see in 
carbon tetrachloride [12,13]. These are uncorrected values. GiLMorE et al. | 14}, 
who also measured the quantum yields of phosphorescence and fluorescence in 
EPA at 77K, give 21 sec for the corrected lifetime of the benzene triplet level. 
Recently Crate ef al. [15] described experiments on the singlet—triplet absorption 
in benzene where particular care was taken to remove dissolved oxygen. They 
report a lifetime of about 300 see under these conditions. A value of this magnitude 
had actually been calculated by HamekKa [16] for an emission from a *B,, level. If 
the triplet had symmetry B,, the calculation gave an even longer lifetime. These 
interesting developments need further confirmation. It is well known how difficult 
intensity estimates of diffuse extremely weak absorption bands are. HAMEKA’s 
calculation cannot be reconciled with those of McCLurgE [17] and of MizusHima and 


Kope {18} who both derived the same order of magnitude as the previous experi- 


mental values. Considering the symmetry assignment of the lowest benzene 
triplet, the generally accepted interpretation is at present a *B,, [19]. 

The phosphorescence spectrum of crystalline benzene was first studied by 
Pestem and Pestrei: [20] at 20°K, who observed bands between 28,968 and 
26,355 em~'. A second luminescence of long duration was discovered by them 
and ZMERLI |21, 22] at 37,100-33,500 em~', and recently luminescence studies of 
benzene in a hexane matrix have been added [23]. Our interpretations of the 
spectra differ from those given by these authors. 

We have studied the triplet-singlet emission of crystalline benzene and that of 
a substitutional mixture benzene-cyclohexane, both at 4°2°K and at 77°K. 
Results on the latter work are presented in this paper. 


Experimental 
The benzene and cyclohexane used in this work were obtained from Eastman 
Distillation Products. Purification of benzene was achieved by a freezing method. 


8, 534 (1956); J. Chem. Soc 1351 (1957). 
3885 (1957 
Phys. 17, 905 (1949) 
and A, A. Petrov, Doklady Akad. Nauk S.S.S.R. 71, 467 (1950). 
Petrov and B. Ya. Svesunikov, Zhur. Eksptl. i Teoret. Fiz. 21, 150 (1951). 
E. Gipson and D. 8. MeCiurr, J. Chem. Phys. 20, 829 (1952). 
J. M. Hoitas and G. W. Kine, J. Chem. Phys 29, O74 (1958), 
HamMEKA. Px.D. Thesis, Leiden (1956); H. F. Hamexa and L. J. Oosternorr, Mol. Phys. 
(1058 
URE, J. Chem. Phys. 17, 665 (1949) 
sHIMA and 8S. Korpr, J. Chem. Phys. 20, 765 (1952). 
Pariser, J. Chem Phys 24, 250 (1956). 
. Pesteit and L. ompt. rend 240, 1987 (1955). 
PesTeiL, A. ZMERLI and L. Pester., Compt. rend. 241, 29 (1955). 
. Pesrem and A. ZmMerut, Ann. Phys. 10, 1079 (1955). 
A. ZMERLI, Compt. rend. 245, 1911 (1957). 
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Two-thirds of a certain volume were frozen and separated from the remaining 
liquid part. The procedure was repeated twice and the remainder dried and 
distilled over sodium. The cyclohexane was refluxed over a mixture of fuming 
nitric acid and concentrated sulfuric acid, then distilled and reduced with stannous 
chloride and hydrochloric acid. The operation was repeated twice. After separating 
the cyclohexane from the acid mixture by distillation it was dried and distilled 
over sodium. Crystals of benzene in a cyclohexane matrix were grown in an 
ice-water bath and a dry-ice-acetone bath by slowly cooling down the samples 
until the characteristic crystals were seen to form. Then the cell with the sample 
was transferred to a liquid nitrogen bath or was placed in the liquid helium re- 
frigerant contained in an ordinary helium Dewar flask. In this fashion the crystals, 
which were formed at moderately low temperatures, were finally cooled down to 
the desired very low temperatures rather suddenly so that the existent phase was 


frozen in and separation into a variety of mixed crystals became unlikely. Since it 
is known that the system benzene—cyclohexane has a eutectic point at —42-5°C, 
very slow cooling to temperatures below this point would tend to produce crystals 
of different composition from the solid solution. The latest studies of this system 
by Kravcnenko and EremMeNKo [24] do not contain data below 10 per cent of 
either component and hence do not prove nor disprove formation of genuine solid 


solutions with small percentage of benzene in cyclohexane or with small percentage 
of cyclohexane in benzene. We consider it possible that very dilute solid solutions 
of these components, as we have used for our spectroscopic interpretations, would 
be stable even with slow cooling through the eutectic point. 

It should be added that occlusion of oxygen was not always avoided during the 
final freezing operations. This had certain advantages since its presence tends to 
reduce plate exposure times for which we found great differences. 

The optical arrangement was essentially the same as was described previously 
{25}. The slit width (Bausch and Lomb medium quartz spectrograph) was 50 yu 
for observations at 4:2°K and 100 uw for those at 77°K. Exposure times ranged 
from 20 min to 2 hr for spectra of the crystalline solution taken on Eastman Kodak 
103a-0 plates at both temperatures. Wavelengths and intensities of the bands 
were obtained from plate recordings made on a Jarrell-Ash automatic micro- 
photometer. Maximum precision is +3 ecm~! for the sharp bands at 4-2°K and 

+20 em~' for the broader bands at 77°K. 


Crystal structures of benzene and cyclohexane, solid crystalline solutions 

As was mentioned, solid crystalline solutions of benzene in cyclohexane were 
obtained at very low temperatures. The high solubility of benzene in cyclohexane 
in the liquid state is well known. The close similarity of their melting and boiling 
points is seen from the data in Table 1. Until very recently the crystal data of the 
two substances suggested that the size of their unit cells was also not very different, 
and that in each case the unit cell contains four molecules. For benzene, X-ray 
diffraction patterns had been obtained down to —195°C. The space group was 
found to be the same at —3°C and at —195°C, namely the orthorhombic group 


V. M. Kravenenko and A. P. Eremenko, Zhur. Priklad. Khim. 23, 613 (1950). 
Y. Kanpva and H. Sproner, J. Chem. Phys. 28, 798 (1958). 


[24] 
[25] 
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Pbea or, in Schoenfliess notation, D3} (also denoted Vj}°). The only difference is 
a shrinkage of the axis lengths upon lowering the temperature (see Table 1). For 
cyclohexane, the different authors agree that it crystallizes in a cubic lattice at 

5°c, —40°C, —70°C (Table 1), but the particular space group type was left 
uncertain (7,), 7,2, 0,4, 7,2 were among considered possibilities). Hasse. and 


d 


Table 1. Physical data of benzene and cyclohexane 


Benzene Cyclohexane 


Molecular weight 
Melting point 


78-11 
5:49 
80-0909 


84-16 
6-5 
81-8 


Boiling point 
Phea- DX(orthorhombic ) cubic: 
at —3°Ct at —195°Ct at —5°C§ 
a = 7-460 A 7-292 A 8-80 A 
b = 9-666 A 9-471 A 40°C # 
ec = 7:034A 6-742 A 8-76 A 
70°C 
S41 A 
monoclinic: 
Cm 
at 180°C § 
a 8-82 A 
b = 984A 
15-90 A 
= 109 
Number of molecules 4 at 30 4 at §°C 
per unit cell 4 at 195 4 at 
8 at 180°C 
170-4 at 5°C 
163-3 A? at —180°C 


Crystal structure 


126-6 at 3 C 
116-4 A? at 195°C 


Volume per molecule 


E. G. Cox and J. A. S. Smiru, Nature 173, 75 (1954). 

B. M. Kosex, Zhur. Fiz. Khim. 28, 566 (1954); E. G. Cox, Revs Modern Phys. 30, 159 (1958). 

G. 8. R. Krisun~a Murti, Indian J. Phys. 32, 460 (1958); see also K. Lonspa.e and H. Sirs, 
Phil. Mag. 28, 614 (1939). 

O. Hasset and A. M. Sommerre pr, Z. Phys. Chem. B 40, 391 (1938); O. Hasset and H. Krine- 
stap, Tidskr. Kjemi og Beravesen 10, 128 (1930), 


SoMMERFELDT based their structure analysis on the ‘chair’ model of cyclohexane 
which has a slightly lower energy than the other, “tub”, form of the molecule. 
LONSDALE and SmirnH in 1939 obtained, with an improved technique, X-ray 
diffraction patterns of cyclohexane at —180°C which showed, besides the lines 
known from photographs at higher temperatures, additional lines that could 
neither come from a cubic, nor hexagonal or tetragonal lattice. The authors 


suggested the appearance of a low-temperature lattice form belonging to a space 
group of lower symmetry. Very recently KrisHna Murti repeated Debye 


5°C and at —180°C and, from the 
analysis, concluded that the crystal at the lower temperature belongs to the space 
group Cm — C3 of the monoclinic system. He found furthermore that the 
unit cell of the monoclinic crystal contains eight molecules. This means that the 
cubic cyclohexane crystal undergoes a phase transition at —180°C or somewhat 


Scherrer X-ray patterns of cyclohexane at 


above it because its shrinking unit cell cannot accommodate four molecules in the 
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same lattice type. The molecular arrangement in the monoclinic unit cell has not 
been worked out. A zigzag distribution should be expected, since this arrangement 
constitutes, as was emphasized by Nowacki [26], the most important building 
pattern of the crystal structures of organic substances. 

If these results obtained from crystal structure studies are supplemented with 
older findings and conclusions from specific heat and entropy determinations [27], 
and from nuclear magnetic resonance work |28] in cyclohexane, the region of the 
phase transition can be narrowed down to around 186°K or —87°C. At this tem- 
perature the specific heat curve shows clearly a transition point, and this is cor- 
roborated by the magnetic resonance studies. It should be interesting to take X-ray 
diffraction patterns of cyclohexane at ~ — 90°C. , 

Considering the dimensions of the unit cells of benzene and cyclohexane 
crystals it is obvious that benzene molecules should enter easily the cyclohexane 
lattice in a substitutional mixture, particularly at low concentrations. This is 
verified from the appearance of the crystals, and the spectra and their analysis. 
Actually the phosphorescence spectra display the same pattern from 0-1° benzene 
in cyclohexane up to fairly high concentrations (the main bands persist even at 
50°), and this is true at 4°K and at 77°K. The similarity of the spectra suggests 
that there is no further phase transition below 77°K. At benzene concentrations 
still higher than 50°, no genuine mixed crystals (solid crystalline solution) seem 
to exist: instead a mixture of polycrystalline powder of pure and mixed crystals 
is apparently present. This is also indicated by the changing appearance of the 
spectrum and the increasing diffuseness of the bands. The spectral analysis is based 
on spectra obtained with low benzene concentrations. 


Results and discussion 

(a) The spectrum of benzene in a cyclohexane matrix at 4-2°K and at 77°K, 
description and analysis 

Sample spectra of the triplet-singlet emission of benzene in a solid cyclohexane 
matrix are shown in Fig. | together with the benzene phosphorescence in EPA for 
comparison. The three microphotometer tracings of the crystalline material 
represent spectra of 1°, (wt.) benzene dissolved in cyclohexane. The spectra (a) 
and (b) at 4-2°K refer to exposure times of | hr and of 20 min, respectively. The 
third and fourth tracing show that the crystal spectrum at 77°K is much sharper 
and richer in structure than the EPA—benzene spectrum at the same temperature. 
From spectra (a) and (b) it is seen that, in general, each band consists of three 
components of which the middle one is strongest. It is flanked by companion bands 
on each side, 59 em~! and 35 em~! apart from the middle main band. While the 
long-wave companion was always the weakest in the pattern, the intensity ratio of 
the other two bands changed with concentration. At 4°K, the short wavelength 
component was the strongest in all composite bands at the lowest benzene con- 
centration of 0-1 wt. %. At this concentration the intensity ratio between the 
middle and short-wave component is estimated to lie between 1:4 and 1: 7. 
[26] W. Nowack1, cited in H. G. F. Winker, Struktur und Eigenschaften der Kristalle p. 42. Julius 
Springer, Berlin (1955). 


[27] J. G. Astron, G. J. Szasz and H. L. Fixx, J. Am. Chem. Soc. 65, 1135 (1943). 
[28] E. R. ANprew and R. G. Eapgrs, Proc. Roy. Soc. (London) A 216, 398 (1953). 
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However, with 1 wt. °, benzene, again at 4°K, the intensity ratio of these two 
components was reversed (Fig. 2), and further increase of the benzene concentration 
up to 25°, and even 50°, does not appear to change this ratio appreciably. But it 
is necessary to select, at high concentrations, the weaker bands for intensity ratio 
estimates or the strong bands on short exposure plates in order to stay within the 
region of proportionality between plate blackening and illumination intensity. 
(This well-known fact is mentioned because plate blackening values from stronger 


PHOSPHORESCENCE SPECTRA 
| 


(a) 


OF BENZENE 


iL i L 


1 i i i 
28000 26000 24000 22000 cm 
Fig. 1. Phosphorescence spectra of 1 wt.%, benzene in a crystalline matrix of cyclohexane 
and in rigid EPA solution: (a) 1 hr exposure; (b) 20 min exposure, 


exposures, e.g. in Table 2, might otherwise mislead the reader.) At 77°K the 
lowest concentration was 1:5°, benzene in cyclohexane. Thus, no plate was 


obtained in which the short 2 component was the stronger in the doublet. A good 
plate obtained with a 2°, concentration shows the “doublet” intensity ratio as on 
a 1°, plate at 4°K. Plates taken at 77°K with high concentrations (25°,, 50°%,)- 
still display the ‘“‘doublet” structure rather well. The third component on the long 
wavelength side (0,94 in Table 2) is at 4°K and 77°K on moderate exposures 
weaker than the other two so that contributions to the spectral analysis from bands 
originating on it are less valuable than those from the other two components. Also, 
the third component does not exhibit a similar intensity change with concentration 
relative to the middle component as does the short-wave companion. This might 
be an indication that the third weak component may arise from different causes 
than the “doublet” 0.0* (Table 2). We shall come back to the multiplet structure 
later 

About 124 sharp bands were measured between 29,500 and 21,200 em~! on 
plates taken at 4K. L[llumination with light from a GE high-pressure mercury 
AH-6 lamp was used to excite the lowest singlet 'B,, from which the triplet is 
reached by internal conversion. The weak band 29,501 will be taken as 0.0 transition 
appearing here because of perturbation in the solvent matrix. Although it is quite 
conceivable that benzene as guest molecule in the cyclohexane host lattice may 
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Fig. 2. Phosphorescence spectrum of benzene-cyclohexane mixed crystal at 4-2 K: 
(a) OL wt.®, benzene; (b) 1-0 wt.®, benzene. 
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Table 2. Phosphorescence spectrum of benzene (1°, wt.) in cyclohexane a A, plate 


exposure | hr; B, plate exposure 20 min) 


Plate Wave- 
i elengt 
blackening number Analysis 
A B (em!) 


29.501 0 
29,442 0,0-59 
29.407 0,94 00-94 

3460 y 28,893 0-608 

3467 28,835 

3471 28 802 0 699(b,,); O** 605 


3478 28,744 0* 698 
3482+ 28,704 0-797(2 404, e,*); O**-703(698) 
3400-° 28.643 0*—799 
28.602 0* 805/799) 
3506-3 28,512 0-989(b.5,) 
3513 28,454 0O* 988 

28.419 0** 98S 

28,323 0-L1L78(e, 

28,264 O*-1178 

28,220 O** L178: 

28,137 00-1364 

28,074 1368 

27,084 1458[ 849(¢,~) 1455(b,,)| 
3584 27,892 )| 
3589 27,855 1587 
27 836 ne 1606) 0* 607-992 


27,752 0* 698-992 
3607 27.710 0-799-992 
3616 : 27,646 0* 799-992 
27,606 0* 988 -S848(b 
27,518 0-989 992 
27,462 988-992 
27,427 0**_ 988-992 
27.333 1178-990 
27,274 1178-990 
27,149 ‘ 1178 
27.080 ‘ 1178 
27,055 1178 
26,990 0*—1458-992 


26.927 0-1593-990 


26 898 1609-992: 0-607-2 992 

26.867 0* 1587-988 

26,843 1606-992 

26.809 0** 1606-992 

26.77: 992 

26,679 0O*—1587-1176 

26.648 0*—799--2 992; O**-1587-1178 
1587-2 607 

26.617 988 848-990 

26.571 


26,525 2 992 


| | 
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Table (contd.) 


Plate Wave 
blackening number Analysis 


B 


Wave ke nuth 


26,409 9s9 2 bad 
540 
1178-2 992; 
229 2 1607 
, 160 2 1178 990 
O75 1178-2 606-990 
020 O88. 849-1587 
OSS 840-1587 
196090 2 bad 
[587-2 aun 
1606-2 
O* 698 3 992 
25.7 1587-1176 980; 
3802-5 25,68: 1178 1590 992 
3000.5 ( 955 593--1176-1163(2 L178) 
25, 1587-1176 1163(2 1178) 
25.25 
25.15! O-117 
5.006 0°—1178-2 
25. 
4007 24.949 
4014 24.901 
4020-5 24,866 0**_1587- 988-983-983 
24,799 0* 698-4 
40356 24,771 
4046 24,709 25,.700-991 
4050-5 24,681 O*-3 1587; 0*-1178-1590-2 990 
4065-5 24,590 1593: 1178 982; 0*- 698-1178 3 
4075 24.531 0*—1587-2 1178-985 
4081 24.497 0** 1587-2 1178-984 
4102 2 24.374 992 
4112 : 312 
411s 2 24,27 O**1178—4 992 
4134 24.180 1587-980 
4143-5 24,127 0* 1178-2 1587-980 
4151-0 24,084 1178-3 992 
4179-5 23,920 0* 1587-988 -983-983-981(4 ~ 990) 
4186-5 23.880 0**_1587—4 990 
4198-5 f 23,811 0* 698-5 992 
4205-0 23,786 24,771-985 
4214-0 23,72 25.700-2 990 
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Table 2 (contd.) 


Plate Wave- 
blackening number Analysis 
A B (em!) 


Wavelength 


(A) 


4219: 
4236 
4245 
4252 
4267 
4284:! 
4506 
4318 


23,696 0*-3 1587-990 

23,601 0--1593-2 990 

23,547 0*—1587—2 1178-2 990 

23,512 0*—1178-—3 1587; 0**—-1587-2 1178-985-—984 
23,429 

23.333 0*—1L1L78—5 992 

23,217 0-1178-2 1587-979-963 


23,152 0*—1178—2 1587—-969--975 


ss 


~ 


4324 23.118 0**-1178—2 1587-969--974 
» 


$540-5 j 22.985 

4358 22.940 0*—1587—5 990(988 983 OS3-981 
4365 j 22 903 1587-5 

4578: 22,832 

43592 762 

443 1-: 

4470 

4495 

4507 

4515 

4529 

4550-7 

4571-5 

4588 

4504 

4633 q diffuse 
4671 diffuse 
4712 diffuse 


3 1L587-985-973 
1587-2 1178-985 984-988 
1178-6 992 
1178—2 
0O*—-1178-2 1587—-969-975-973 


0**_1178-2 1587—-969--975-975 


te te te 


to to te te 


O74 

469 0O* 1587-6 aon 

S69 

761 . 587-985-973-—962 

78 2 1178-4 990 

403 7 1-959) 
2 1587-969-972-973-963 


te te te te to te te 


experience some force which will facilitate the triplet-singlet transition, it is quite 
probably occluded oxygen that contributes appreciably to the appearance of the 
spectrum. The paramagnetic properties of its *X, ground state will certainly 
influence the spin orientation in a neighboring benzene molecule so as to enhance 
the transition probability from the triplet. 

The vibrational analysis of the spectrum is presented in Table 2. As may be 
seen there appear vibrations of symmetries ¢,* and /,, directly superimposed on 
the forbidden 0,0 transition. The first superposition induces a small transition 
moment in the molecular plane and the second a still smaller moment perpendicular 
to the plane. Vibrations of symmetry e,* found in the cyclohexane—benzene 
crystal spectrum are 607, 1178 and 1590/1607 cm~!. As is well known [29], ex- 
citation of the 607 vibration is responsible for the appearance of the lowest singlet 
singlet transition in benzene which is forbidden by symmetry. This vibration is of 
minor importance in the triplet-singlet system. It had not been found in the 
benzene phosphorescence obtained in rigid glass solution [6, 7], whereas the 1178 


H. Sponer, G. Norpuerm, A. L. and E. J. Chem. Phys. 7, 207 (1939). 
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and 1596 vibrations were observed in all triplet-singlet emission spectra of benzene 
studied under different conditions (rigid glass, mixed crystal, pure crystal). The 
degenerate 1178 vibration belongs to a bending mode of the C—H bonds. The 
strongest bands in the spectrum involve the averaged separations 1590 and 
1607 em”! whereas in rigid glass solution a single vibration 1596 had been reported 
6. 7). This difference can be explained by considering that there is in the crystal 
a “directed” force field which relaxes the vibrational degeneracy to a certain degree 
so that splitting may occur. The 1590 was found as 1593 superimposed on the 
0.0 band alone and in combination with other vibrational bands, it was measured 
as 1587 when originating from the 0,59 origin alone or in combinations or as 
progression; the 1607 vibration was likewise measured as 1609 when superimposed 
on the 0.0 transition and as 1606 when excited from the 0,59 level. In rigid class 
there is no directed field because of its non-uniform composition, and therefore no 
splitting. Instead, the random environment causes a broadening of the vibrational 
spectrum. Broad diffuse bands characterize all triplet—singlet emission spectra 
obtained under these conditions. Another reason for the splitting of the 1596 in 
the crystalline matrix may be that there is resonance between this vibration and 
the 607 — 992 combination. The latter would not be expected to occur in the 
benzene phosphorescence in EPA, since the 607 vibration has not been found 
under these conditions. 

Considering the S\ mmetries of the “split” vibrations, it is difficult to estimate 
how much the symmetry of the cyclohexane lattice will influence the point group 
symmetry of a benzene vibration at low concentrations. From the relatively weak 
effect of the crystal field on the intensity of the 0,0 band it is reasonable to assume 
that the crystal field will relax the D,, vibration selection rules only slightly and 
that therefore use of the symmetry classes of this group is justified. Consequentiy, 
we shall use « symmetry as first approximation for both the 1590 and 1607 
vibrational modes, but expect to find indications that the selection rules governing 
their appearance in the Dy group may be obeyed only approximately. It is 
interesting that the 1609 is found twice excited and the 1587 three times. The first 
case applies to the band 26,229 and perhaps to the 26,285. For the first band 
(Table 2) the twofold excitation of 1609 is built upon the 0-59 component of the 
‘doublet’. The band 26,285 fits two assignments, 0-59—1178—2 992 which is a 


combination of ¢ symmetry superimposed on the 0-59 component, and 0-2 
1609 of a), or e,* symmetry added on to the 0.0 band. The first assignment 
quite probably accounts for the intensity of the band. A threefold excitation of 


1587 has been connected with the band 24,681 in line with its intensity. This band 


fits also another assignment which, however, should contribute little to the 


intensity 

Two vibrations of b,, symmetry have been recognized in the spectrum: 698 
and 988. As mentioned before, they induce a small transition moment perpen- 
dicular to the molecular plane and consequently should give rise to bands of low 
intensity. This is indeed the case if they are superimposed directly on the zero 
transition. Stronger bands result if they are superimposed on the 0-59 since this 
component of the basic “doublet” is at least four times stronger than the zero 
transition. The 698 vibration had been reported by Suuti and by Drkun and 
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SVESHNIKOV, and the 988 corresponds quite likely to the slight shoulder on SHULL’s 
band 28,310 cm~!. It is not a weak band in our spectrum. This is of interest as the 
988 represents a hydrogen vibration. The 698 involves motions of the CH groups. 

A recurring separation of 799 cm~ is tentatively interpreted as 2 « 404. Two 
other separations, 1368 and 1458 cm~!, which have not been reported previously, 
must be combinations. No convincing interpretation can be offered for the first 
of these. The other suggested combination, 1458 (Table 2), can have b,, symmetry 
and is observed superimposed on the 0-59 transition only. 

The analysis suggests that the first repetition of the pattern described above 
begins with the band 27,752 on which the totally symmetric 992 vibration is 
superimposed. In fact, this vibrational mode (‘‘breathing” vibration) occurs in 
progressions so that each band of the discussed pattern stands as an origin of a 
992 progression. The most extended of these were found built upon the 988, 1178 
and 1600 vibrations. They show anharmonicity of the 992 mode. It is interesting 
that these progressions begin with 988 when connected with 1592/87 vibrations 
but start with 992 or 990 in the other cases. The 1178 and 1600 vibrations occur 
also in multiple excitation, alone or in combination with each other; note, for 
example, the bands 27,080, 26,285, 25,516, 25,096 in Table 2. Excitation of the 
1178 and 1590/1607 vibrations with two and more quanta exhibit anharmonicity 


in the overtones like the 992 vibration, although Table 2 may list only 2 « 1178, 
2 « 1587, ete., for abbreviation. All combination and progression bands are 


compatible with a *B,,—'A,, or a *B,,—'A,, transition. 

As may be seen from Table 2 many bands fit more than one assignment. This 
is not surprising in view of the many possible combinations of appropriate sym- 
metry. The one which seemed most probable to us is given the first place in 
Table 2, followed by another assignment in a number of cases. A plate obtained 
after 20 min exposure with a slit width of 50 4 was very revealing in that it 
contained the stronger bands only with the main progressions. This spectrogram 
is reproduced in Fig. 2. The assignments of bands which appear only as “‘step- 
outs” or slight wiggles on the microdensitometer tracings are much less certain 
than those of the main progressions, even though their intensity may be high. It 
is mostly these cases where more than one assignment will fit. 


(b) Multiplet structure of the bands 
There remains to be discussed the component or “‘multiplet” structure of the 
bands. (1) A simple explanation would obviously be to consider the 59 and 
35 cm! separations as vibrations of the cyclohexane lattice, i.e. if superimposed 
on the first weak band, taken as 0,0 band, there would be a 59 and a 59 — 35 
94cm! lattice vibration. It is also possible that the 94 is superimposed on the 
zero transition directly, so that there are two lattice vibrations present of 59 and 
94cem~!. Since, as we described before, bands terminating on the 0-59 level were 
at concentrations of 1°, (wt.) benzene and above stronger than bands connecting, 
with the 0,0 origin, coupling with the 59 vibration must then facilitate the triplet 
singlet transition. This is to be expected if the 59 represents an unsymmetric 
lattice mode of appropriate symmetry. The 35 or 94 vibrations would, in this 
scheme, couple extremely weakly with the electronic transition of the guest 
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molecule and hence produce only very weak bands. This explanation has in its 
favor that the frequencies concerned are of the right magnitude and that it is 
simple. But, even if the lattice vibrations of cyclohexane crystals were known and 
a comparison possible, the observed intensity reversal between the components 
cannot be explained as vibrational effect. To do this a sensitization of the 
longer (0,59) wavelength component at the cost of the short wave-component 
would be necessary until at 1°, concentration of benzene a definite intensity 
reversal between the components would be reached. This is impossible since no 
vibration is thermally excited in the ground state at 4°K. 

We shall consider a few other attempts at explanation. As (2) a molecular 
Stark effect may be mentioned, but this type splitting would be practically 


unobservably small. The splitting of the triplet as such is also negligible. 
As (3) we name an effect which would possibly apply to the two stronger 
components 0 and 0* of the multiplet structure. This is formation of interacting 


(“associated”) benzene molecule pairs in the host lattice [30-32]. The singlet 
resonance splitting of such “dimers” (van der Waals’ bonding) can be appreciable. 
It would be smaller for triplets and very smal! in benzene, so that this explanation 
must also be ruled out. 

There remains still another possibility (4), and this one is suggested by new 
experiments presently carried out in the Duke Laboratory on benzene absorption 
in a cyclohexane matrix at 77°K and at 4°K. The new findings indicate that the 
appearance of the absorption spectra is dependent on the crystallization process 
(fast or slow freezing). A variety of possibilities may more or less coexist for the 
production of the bands, like inclusion of benzene in cubic or monoclinic cyclo- 
hexane crystals, formation of a cyclohexane-benzene glass, and locally of pure 
benzene crystals. The last possibility can be excluded here because there is no 
indication of the phosphorescence spectrum of crystalline benzene taken on any 
plate from low to fairly high concentrations. The choice is limited further by 
considering that in the studies described here the samples were always frozen in 
the same fashion. It was found instructive to consider the crystallization process 
somewhat closer, in order to obtain an understanding of the fine structure splitting 
of the bands and the intensity reversal of the two main components (Fig. 2). We 
helieve that the 0.0 and 0.59 origins represent lattice positions of benzene of 
slightly different energies, and that the intensity reversal suggests that one of the 
sites is preferred at low and the other at higher concentrations. 

Of great interest in this connection is the occurrence of small ordered groups, 
so-called cybotactic groups, in liquid mixtures of benzene (abbreviated B) and 
cyclohexane (abbreviated C) as has been indicated by X-ray studies [33]. There 
are —CU—C—C—, —C—C—C—C— and corresponding B groups, as well as mixed 
groups —B—C—B—C—. Very little is known about their relative abundance 
with respect to each other and to single molecules. But it might be possible and 
even probable that such groups play a decisive role in the crystallization process 


T. Simpson and D. L. Pererson, J. Chem. Phys. 26, 588 (1957). 

Levison, W. T. Simpson and W. Curtis, J. Am. Chem. Soc. 79, 4314 (1957) 
G. McRae and M. Kasna, J. Chem. Phys. 28, 721 (1958). 
H. Bevr and W. P. Davey, J. Chem. Phys. 9, 441 (1940) 
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simply by procuring “prefabricated” units, namely mixed and pure ones, as 
building blocks of the lattice. 

In the formation of the pure cubic lattice of cyclohexane and of mixed cubic 
lattices containing four molecules per unit cell, all possible combinations with four 
should be considered. At very low benzene concentration only groups with no or 
one B like —C—C—C—C—, —C—C—C—B—, —C—C—B—C— would be of 
importance. Actually the last two groups might give identical units. There will 
be very few unit cells containing two benzenes because this would require presence 
of —B—B— groups and ample supply of 3—C— groups both of which will 
be rare at very low benzene concentration (0-1°%,). In order to explain the intensity 
reversal of the bands originating from the 0 and 0* levels we must make another 
assumption which is based on the concentration increase of benzene. If with 
rising |B], formation of —B—B— groups would set in proportional to [B]*, a kind 
of equilibrium might be reached at which the rate of —B—B— formation in the 
liquid may almost balance that of its vanishing again because of incorporation into 
larger groups. But even if the equilibrium ratio |B}*/[B] continues to increase 
above the critical concentration of 1 wt. °,, the intensity ratio of the doublet 
components might change much less. Actually the spectra indicate a slight 
further increase only. We shall clarify the statements in steps. Consider first the 
contribution to the spectral intensity that comes from inclusion of ‘dimer’ groups 
in the cyclohexane crystal. We shall ascribe the 0,0 transition, which corresponds 
to the much stronger emission at low |B], to single substitution of a benzene for a 
cyclohexane molecule in the unit cell and the 0.59 to double substitution of two 
cyclohexanes by two benzenes. This does not imply, however, that double sub- 
stitutions lead always to the longer wavelength components of the doublets. It is 
not implausible to assume that these emissions may be restricted to ‘“‘dimer”’ groups 
in which the benzenes are bound in fully equivalent positions. If this is not the 
case, for example, because of different orientation of the benzenes, there may be 
little interaction between them, and these units are then better described as two 
monomers because they would give the same emission as those. The probability 
to be frozen in in one or the other position may well be different. If the ratio of 
the two types of double substitution becomes about 10: 1, an intensity reversal 
of the doublet components may ensue at benzene concentrations above 1% 
without further significant changes at higher concentrations. In reality, of course, 
monomer groups will be integrated into the lattice also above 1 wt. °, concentration. 
However, the dimer “building units’’ may be preferred at higher concentration so 
that the intensity ratio of the two components may be mostly governed by their 
chances of entering the lattice. It is to be remembered that the low-temperature 
lattice of cyclohexane, into which the cubic lattice goes over at the transition 
temperature of 186-1°K, accommodates eight molecules in the unit cell instead of 
four in the cubic cell. 

The 0,94 level from which weak and diffuse bands are emitted may be connected 
with benzene included interstitially in the lattice or embedded in a glass. 

It is obvious that our attempts to explain the intriguing intensity relations of 
the doublet components offer a possible solution only. It is hoped that experiments 
in progress in our laboratory will contribute to finding the final answer. 
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Abstract 


its Raman spectrum with polarizations, and (b) the infrared spectrum of ReO,Br from 150-3000 
1 


This paper presents (a) the infrared spectrum of ReO,Cl from 195-3000 em ' and 


em A vibrational assignment is made for both molecules on the basis of Cy, symmetry. The 
fundamental frequencies for ReO,Cl are taken as a, 1LOOL, 435, 293; « 960, 344, 196 em=!; 
for ReO,Br as a, 997, 350, 195: « 963, 332, 168 em™!'. Calculated thermodynamic pro- 
perties are given for ReO,Cl. 
Re0,Cl 

R#ENIUM trioxychloride is a colorless substance which melts at 4°5° and boils 
at 131°C. Its preparation and properties have been summarized by Wo cr et al. [1] 
A study of the microwave spectrum [2] has shown it to be a symmetric top of Cs, 
symmetry (Cl—ReQO,), and has provided the molecular dimensions.+ E1cnHorr 
and Welce. [4] measured the Raman spectrum of the liquid with Hg green and 
orange excitation, but because of rapid photodecomposition of their sample the 
results were incomplete and their vibrational assignments are questionable. 
Wo tr et al. measured the infrared spectrum of the vapor from 700-5000 
but found only the strong band near 960 cem~'. No other spectroscopic work 
has been reported. 


Preparation 


teQ.Cl was prepared by the chlorination of rhenium(V1) oxide according to 
the method of Wo xr et al. [1] The product, after vacuum transfer in an all-glass 


apparatus, was a pale yellow liquid. (Although several papers describe the pure 
material as colorless, we have never seen it anything but light yellow.) 


Infrare d spectrum 


The infrared spectrum of the liquid was obtained from 195 to 3000 em-!. 
The range 195-350 em~! was covered with a small grating spectrometer which 
has been described elsewhere [5]. For the region 300-3000 cm~' a Beckman IR-4 
spectrophotometer (double beam, double monochromator) was used with NaCl 


* From a thesis to be submitted by G. L. CaRLson in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at the University of Pittsburgh 
+ This work was supported by the United States Atomic Energy Commission under Contract 
AT(30-1)-1993 
+ The Re—O distance given in Ref. 2 has been corrected to 1-702 A by Lorspericn et al. [3 
1) C. J. Wor, A. F. Ciirrorp and W. H. Jounston, J. Am. Chem. Soc. 79, 4257 (1957). 
2| E. AmBie, 8. L. A. L. ScHaw.ow and C. H. Townes, J. Chem. Phys. 20, 192 (1952) 
(3) J. F. Lorspricu, A. Javan and A. ENGELBREcHT, J. Chem. Phys. 31, 633 (1959). (See especially 
p 
4) H. J. Ercunorr and F. Weicer, Z. anorg. u. allgem. Chem. 275, 267 (1954). 
5| F. A. Mitier, G. L. Cartson and W. B. Wurre, Spectrochim. Acta 15, 709 (1959 
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and CsBr opties. All frequencies above 700 cm~! were carefully checked with 

a Perkin-Elmer model 112 spectrometer with NaCl and CaF, optics. Infrared 

frequencies are believed to be accurate to +1em~! for 100-1000 em~-', and to 
for 1000-2000 

Liquid ReO,Cl was usable in NaCl, KBr, CsBr and CsI cells for periods of 
about 1 hr, but decomposition then occurred quite rapidly and it became impossible 
to remove the sample from the cell. ReO,Cl reacts with polyethylene, which 
i 


is our usual window material below 200 cm~!. The lower limit of 195 em was 


therefore determined by the transmission of CsI. 


Raman spectrum 

Because Ercunorr and WeiGce. had been severely hampered by photodeco m- 
position of ReO,Cl during Raman exposures with Hg green and orange excitation, 
we thought at first that it would be desirable to use a longer wavelength. <A 
microwave-powered helium lamp [6] was used for 7065 A excitation. The sample 
tube was wrapped with a no. 70 Wratten filter which removed all wavelengths 
below 6500 A. Exposure times were about 5 hr, and although the Raman lines 
were weak, increased exposures up to 24 hr produced no additional frequencies. 
A total of about 35 hr exposure to this red exciting light caused no decomposition 
of the sample. In order to obtain polarization measurements, Hg green and orange 
excitation was then tried. A K,CrO, solution and a no, 8 Wratten filter were used 
to remove all wavelengths below 5000 A. About 8 hr were required for each of the 
two polarization exposures, using the method of EpsaLt and Witsoy [7]. Even 
after a total of some 25 hr exposure no decomposition of the sample was apparent, 
in contrast to the findings of Ercnnorr and WEIGEL. 

The better stability of our sample toward Hg radiation may be the result 
of a purer product given by the newer method of preparation. We noticed that 
an impurity appears to hasten further decomposition. A freshly made sample 
sealed in vacuo seemed to keep indefinitely. After it had been deliberately 
decomposed by exposure to an unfiltered, glass-jacketed Hg arc, the blue color 
that developed could be easily removed by a vacuum transfer, but further 
decomposition then occurred slowly even when the sample was stored in the dark. 
It is mentioned in the literature that the formation of the blue color is reversible 
and that the color reverts to yellow in the dark [4]. We did not find this to occur, 

The photographie spectrograph has been described previously [8]. For the 
helium excitation a Bausch and Lomb grating blazed at 7500 A and Kodak 1-N 


plates were used; for the mercury excitation a grating blazed at 4700 A and 


103a-F plates were employed. Sample size was about 5 ml. The Raman frequencies 
are believed to be accurate to +2 cm". 
Results and discussion 
The results are summarized in Table 1 and Fig. 1. Table 1 shows that all 
the Raman frequencies except 1001 were excited by at least three separate source 
6) N. 8S. Ham and A. Wats, Spectrochim. Acta 12, 88 (1958). 
i71 J. T. Epsaut and E. B. Winson, Jr., J. Chem. Phys. 6, 124 (1938). 


F. A. and R. G. INsKEEP, J. Chem. Phys. 18, 1519 (1950); F. A. L. R. Cousins 
and R. B. Hannan, /bid. 23, 2127 (1955). 
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lines. There is no doubt that 1001 is real, for it is strong enough so that polarization 


measurements could be made, and it is found in the infrared. 

Table 1 also includes the Raman data of Ercunorr and Wetcer. It will be 
noted that they missed the 1001 cm~! frequency. We hazard the guess that it 
was not seen by Hg 5461 excitation because it then falls between the two Hg orange 


Table 1. Raman and infrared spectra of Ret C1 (liquid) 


Table 2. Fundamental vibrations of ReO,Cl and ReO,Br 


Assignments 


Activity No Description ‘ 
ReO,C1 ReO,Br 


435 


203 


$44 


lines (displaced 980 and 1043 em~' from Hg 5461). and that it was not seen by 
orange excitation because of either diminished emulsion sensitivity at the longer 
wavelengths. or the interference of another line in the are 

Table 2 describes the normal vibrations of ReO,X. and summarizes our 
assignments for both ReO,Cl and ReO,Br 

Three of the fundamentals of ReO,Cl can be chosen unequivocally. The two 
polarized Raman lines, 1001 and 435, must be the Re—O symmetric stretch 
and the ReO, symmetric deformation respectively. Line 960 must then be the 
ve-—-O) degenerate stretch. It will be noted that the symmetric stretch is higher 
than the degenerate one. Also ReO,Cl (and ReO,Br) furnishes another example 
demonstrating that metal-to-oxygen double-bond stretching frequencies occur 


close to 1000 cm”! regardless of the specific metal atom [9]. 
Lewis and R. 8. Nywoum. J. Chem 
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The three remaining fundamental frequencies are almost surely 196, 293 and 344, 
but the assignment to specific vibrations is less certain. There are only the three 
following possibilities, if one recalls that »; > v,. Set A has the advantage of 


A B C 
"3 293 344 196 
Vs 344 293 344 
"6 196 196 293 


being reasonable. It is consistent with the Raman polarizations, because the two 
depolarized Raman lines are attributed to « vibrations. (The a, frequency is taken 
to be 293. which is observed only in the infrared.) Also the Re—Cl stretch at 293 
agrees well with related molecules: 


BiCl, 288 (a,), 242 (e) [10] 
HgCl, 314 (symmetric) (11) 
AuCl, 347 (a,,), 324 (b,,) [12] 
Ptcl,? 335 (a,,), 304 [12] 


Little can be said for or against set B. In set C the Re—Cl stretch (v,) seems far 
too low in comparison with other molecules. In fact it is lower than the Cl—Re—O, 
rocking (y,). This is unreasonable. and we eliminate C. We conclude that set A 
is slightly preferable and adopt it, although B would be nearly as acceptable. 

The remaining bands can be explained as shown in Table 1. It is interesting to 
note that the overtone of 960 has negative anharmonicity. A similar result is 
found for ReO,Br. 


Thermodynamic functions 

The thermodynamic functions of ReO,Cl have been calculated at five tempera- 
tures by standard methods. Implicit assumptions are that the vibrations are 
harmonic. that vibration and rotation are independent, and that liquid-state 
frequencies may be used. The fundamentals of Table 2 were employed, and 
results are given in Table 3. 

ReO,Br 

Rhenium trioxybromide was prepared by BRUKL and ZIEGLER | 13] in two ways, 
of which the better was the reaction of Re,O, with ReBr,. It is a pure white solid 
melting at 39-5° and boiling without decomposition at 163°C. No other work 
has been reported on this compound. 


Preparation 
Because the method of Wor et al. [1] had worked so well for ReO,Cl, we felt 
that ReO,Br might be prepared in an analogous manner. Bromine vapor was 


(10) K. W. F. Koniravsen, Ramanspektren p. 133. Edwards, Ann Arbor, Michigan (1943). 

{11} K. V. K. Rao, Proc. Indian Acad. Sci. 14A, 521 (1941). The antisymmetric stretching frequency 
is not well established. 

(12) H. Stammereicn and R. Forneris, Spectrochim. Acta 16, 363 (1960). 

[13] A. and K. Zrecier, Monatsh. Chem. 63, 329 (1933). 
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passed into a dry reaction tube containing 20 g of powdered rhenium(VI) oxide 
at 330-350°C.* Bromine (40 ml) was distilled over the ReO, during a period 
of 2 hr. At the end of this time about half of the starting ReO, had reacted. 
Excess bromine was removed from the product by simple distillation. The residue 
was a deep blue-black substance from which various colored fractions volatilized 
during vacuum transfer. This product appears to be very similar to that obtained 
by Brukt and ZiecLer by their other preparation using the reaction of rhenium 


C, (H E,”) (F° —H,°/T 
1) (cal mok 1) (cal deg 


mole!) (cal mole!) 


19-1 1060 
401-Litbp 21-06 6140 


22-3: S200 


ooo 23 


TO 23 12.820 


metal with bromine in the presence of oxygen. The various fractions are very 
difficult to separate, but after five or six vacuum transfers about } g of a pure 
white solid was isolated which melted at approximately 40°C. A second attempt 
gave a similar vield. so the reaction cannot be considered satisfactory under the 


conditions used 


Infrared spectrum 


ReO—Br reacts rapidly with Csl, polyethylene, and hydrocarbon solvents. It was 
found that CCT, and CH,CI, give fairly stable solutions, and these were used for the 


ge 300-3000 em Below 300 em~! these solutions were not satisfactorv because 


of the need for thick samples and the consequent low transmission of the solvents. 
A technique which proved to be successful, and which we have since used 
extensively for lov irequency studies, is to condense a stream of vapor onto a 
w-temperature cell cooled with liquid nitrogen. 
iat the amount of window material is reduced to 
lene (one to support the sample two to seal the vacuum 
sample is often glassy and has good transmission character 
With ReO,Br there was the additional advantage that the sample did not 

react with polvethvle ne at 90°K. The method worked very nicely. 

The infrared spectrum of the solid at 90°K was obtained from 150-350 em"! 
and of the solutions in CCl, and CH,Cl!, from 300-3000 em-!. The same instru 
ments were used as for ReO,Cl, except that the frequencies above 700 cm~! were 
not checked on the Perkin-Elmer 112 spectrometer because of the small amount 
of sample and its instability in the cell. Hence values measured on the IR-4 
were checked by running appropriate calibrating materials. Nevertheless ReO,Br 


frequencies above 700 em~! may be somewhat less accurate than those for ReO.('. 


Ny ea courred at 200-300°C. 
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Raman spectrum 


Because so little sample was prepared, we were unfortunately not able to 
obtain its Raman spectrum. 


Table 4. Infrared spectrum of ReO,Br 


Int Assignment 


168 
195 Vg 

(254? Not real? 

332 

341°: 168 

350 

581 195 

963 

O97 
1136 963 1131 
1929 , 963 1926 
1963 Oi: 997 1960 
1993 y 997 1994 


ReO;8r 


Fig. 1. Infrared spectra of ReO,Cl and ReO,Br: (a) liquid, 0-050 mm; (b) liquid, 0-110 
mim; (c) liquid, capillary film; (d) solid, about 90°K; (e) CCl, solution, 1-0 mm; (f) CH,Cl, 
solution, 0-05 mm; (g) melt, 0-055 mm. Vertical bars indicate Raman lines of Ret C1 


Results and discussion 


Our infrared spectrum is given in Table 4 and Fig. 1. Several bands were 
measured in different physical states. The frequencies shifted by only 1-2 em~! 
between solid, liquid, CCl, solution and CH,Cl, solution. 

In making the assignments we do not have the help of a Raman spectrum, 
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and must lean heavily on analogy with ReO,Cl. The infrared bands whose 
intensities are medium or greater in the two molecules are: 


Ret ReO,Br 


168 m 
196 m 195 m 
293 s 
332s 
344s 342 m 
350 m 
434 vs 
960 vvs 963 vs 
LOOL vs 997 s 


The two Re—O stretches are surely 997 and 963. In ReO,Br, as in ReO,Cl, 
the higher of the two is the less intense. We assume that the analogy goes farther, 


and that the higher is », in both cases. 
The remaining assignments are shown in Tables 2 and 4. The three close bands 


at 332, 342 and 350 cm~! were observed in the solid at 90°K. In CCl solution 
only two components were found, at 332 and 348 (shoulder). We have explained 
350 as vy (a,), 332 as v,; (e), and 342 as 2 168 336 (a,+e). Alternatively two 
of the bands may be components of the degenerate y,; split by solid-state inter- 


actions. 
A discussion of the remaining assignments is scarcely worth while because, 
although the choices seem to be reasonable, there is no conclusive evidence for 


any of them. 
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Department of Chemistry, University of Southern California, Los Angeles 7, California 
(Received 10 May 1960) 


Abstract — Infrared absorption and reflection spectra and Raman spectra of sodium chlorate have 
been studied. The features of all spectra are explained in detail. The splitting of one funda- 
mental band is not due to “distortion” of the ClO,” ion. Spectra of other chlorates are discussed. 

Some general properties of reflection spectra in the vibrational region are discussed, and are 
used to obtain from the observed reflections values for the absolute intensities and dipole 
derivatives of the chlorate ion vibrations. 

Results of a normal co-ordinate analysis of ClO,~ are reported which are in disagreement 
with previous work. Some interesting spectral features of potassium iodide and bromide pellets 
containing NaClO, and KCIO, are briefly presented. 


IN a recent paper, Roccuiccro.i {1} has interpreted certain splittings of the infrared 
absorption bands of various inorganic chlorate crystals as due to distortion of the 
ClO,~ ion. The present work was initiated in order to ascertain for a favorable case 
the actual cause of the splittings, and with the hope that the findings might be 
extended to the whole series of compounds studied by Roccuiccioit. The sodium 
compound was chosen because its crystal structure is well known, and established 
theories of the effect of structure on vibrational spectra could be applied. In 
addition, since the ion is known to lie on a threefold symmetry axis in this crystal, 
the splitting observed had to be due to a cause other than distortion. Rampas [2] 
has previously studied the infrared spectrum of NaClO,, primarily in the overtone 
region. 

Raman spectra were taken in order more definitely to establish the assignment 
of band components. Though previous Raman studies have been quite complete, 
we felt that we should establish for ourselves the accuracy of band frequencies. 

It was necessary to measure the reflection spectrum of the crystal to interpret 
the extremely intensely absorbing region around 1000 cm~', and the reflection 
work has made it possible to estimate absolute intensities of the fundamental bands. 
In another approach to study of the very intense absorptions, both mulling and 
potassium halide pellet techniques were used. The latter provided some interesting 
results which, however, are not yet completely explained. 


Experimental 
Sodium chlorate was purified by crystallization from water, and crystals of 
various sizes were grown by slow cooling of seeded aqueous solutions. Infrared 
spectra of natural and cleaved plates, some polished to as thin as 0-02 mm, were 
taken. The thinnest crystal was totally absorbing in the fundamental regions, 


especially near 1000 wavenumbers, so samples were mulled in Nujol and Vaseline 


* National Science Foundation Faculty Fellow, 1959-61. 


[1] C. Compt. rend. 242, 2922 (1956) 
2) A. K. Rampas, Proc. Indian Acad. Sci. 37A, 451 (1953). 
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to obtain band shapes in these regions. Potassium iodide and bromide pellets were 


also prepared, 

Infrared spectra were obtained using a Perkin Elmer model 13 spectropho- 
tometer with KBr, NaCl and CaF, prisms. Frequencies are belies ed accurate to one 
wavenumber below 1100 em! and to a few wavenumbers above this point. The 
widths of certain intense bands limited our ability to select the “peak frequency . 

teflection spectra were obtained at 11° incidence, approximating normal incidence 
for all practical purposes, and reflectivities are probably accurate to | per cent. 
The apparatus provided fine adjustment and focusing controls, and the 100 per 
cent line was obtained using an aluminized plane mirror. Large single-crystal 
surfaces were ground and polished flat for reflection measurements, and the back 
surfaces were shaped so as to preclude their reflecting any transmitted light back 
into the optics. Some measurements at 45° incidence showed broadening of bands, 
as expected. 

taman spectra were obtained with a Cary Model 81 spectrometer. A 7 * 7 

18 mm single crystal was used. Calibration with liquid benzene gave frequencies 


accurate to about one wavenumber. Some of the KBr and KI pellets were cooled 
to 84°K in a cold cell of conventional design for study in absorption. 


Results 
Before discussing experimental results, we shall determine the effect of the 
symmetry of the crystal on the vibrations of the ClO, ion. The crystal structure 
is cubic [3], space group 7T4--- P2,3, with a = 6-570 A and Z = 4. The ClO, 
ions are on C, sites. The threefold symmetry precludes distortion of the ClO,” ion 
and site splitting of degenerate frequencies. The unit cell of four ions, however, 
allows band splitting due to interionic coupling (factor group splitting). The two 
A, frequencies of an isolated ion each yield in the cubic unit cell one A and one F 
frequency, while the two E frequencies (of isolated ClO,~) each yield one E and 
two F frequencies in the erystal. All frequencies are active in the Raman spectrum, 
while only F frequencies appear in the infrared. Thus we expect a maximum of 
six infrared and ten Raman bands, with six coincidences. Of course the factor 


group splitting might be very small, in which case we should expect four funda- 
mentals in each spectrum, all four being Raman infrared coincidences. 

The observed infrared absorption and Raman frequencies are given in Table 
1. Fig. 1 shows the spectra in the fundamental regions (absorption spectra were 
taken in mulls). Assignments in Table 1 include symmetry under the 7 space 
group, with reasoning as follows. For y,, 482 (all frequencies here are in wave- 
numbers) must be F, since it is infrared active; 477 is called E because it is not in 
the infrared spectrum. Apparently the two / components are not split. For v,, 
629 is F. and 623 is A because of polarization in the Raman effect [4] and lack of 
coincidence with the infrared; the 629 line is apparently too weak to be observed 
in the Raman spectrum. The 613 shoulder (‘) may be a 37('| line. For »,, the 
strong Raman line (polarized [4]) is A, the infrared line at 928 is F. The shoulders 
8) C. ARAVINDAKSHAN, Z. Krist. 111, 241 (1959); R. Wykorr, Crystal Structures Vol. 11, Chap. VII, p. 


5. Interscience, New York (1957); W. H. ZACHARIASEN, Z. Krist. 71, 517 (1929). 
4) L. Courure and J. Maruiev, Ann. phys. Series 12, 3, 521 (1948). 
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Vibrational spectra of sodium chlorate 


Table 1. Observed frequencies in the vibrational spectra of NaClO,. All values 


are in wavenumber units and refer to the *°Cl isotope unless otherwise stated. 
Fundamental frequencies are italicized 


Infrared Raman Refl. 


Assignment t 


(em*) (em!) (em!) 
PROS 
2810 
2785 
2542 
P2506 
2490 
2349 
1941 
1923 
ISS8 
1869 
1630 
1610 
L576 
1560 
1495 
1470 
1438 
1419 
1313 
1192 
1140 
1103 


L026 y,(longitudinal) 
1020-990 reflection. 3 


G9] 987 Vg,(transverse) 
974 Vie Va (Ff) 


GGA 


6235 
613 
5S 1. 


4835 {S2 483 


Assignments of combinations and overtones ¢ 
> L indice combination with one of the lattice 
spectrum [6 70, 83, 103, 126, 131 and 17! 


L157 


vy, ( 3 7( ‘| 
37 
16 "3 Vy 
1060 
933 
(4) 
752, 719 | 
- 
708 jus 4 
soe 
62 
Lt 
modes obser 
bserved in the Raman 
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are satisfactorily explained as **Cl lines (Appendix II). For », there is at first sight 
more of a problem: two strong infrared bands (991 and 974) and several Raman 
lines are seen. The two infrared bands are the two expected F-components (and 
are not due to “distortion” of the ion). The Raman line at 965 (Ff) agrees with one 
of the infrared lines (approximately), and the 958 Raman line is either of species F 
or an isotope band. The explanation for the 987 and 1026 Raman lines has been 
given by Haas and Hornte [5] as being the transverse and longitudinal frequencies 
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2 
” 
a 
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500 460 
° olid line) and Raman (dashed line) spectra 
f NaClO, in the fundamental absorption regions 
associated with the intense band centered (in the infrared) at about 1000 wave- 
numbers. The strength of this (and other) bands causes a large reflection effect. 
broadening, in particular, the 991 and 974 infrared bands so they do not coincide 
exactly with their transverse Raman frequencies (987 and 965) 

The Raman frequencies are in good agreement with the more extensive previous 
work [4, 6). Other observed infrared absorptions are assigned tentatively, including 
several as combinations with lattice frequencies observed in the Raman spectrum. 
Spectra in the overtone region are shown in Fig. 2. 

The reflectivity of a single crystal of NaClO, is shown in Fig. 3. No other 
reflection peaks were observed. It is clear that each fundamental absorption band 
is in fact accompanied by reflection, some reflections being very strong. The four 
bands with maxima at 483, 635, 938 and 975 are what one would expect at a simple 
(and not too strong) anomaly in the index of refraction. The 938 (v,) reflection and 
probably that at 635 (y,) possess **Cl shoulders. The very intense absorption band 


C. Haas and D. F. Hornie, J. Chem. Phys. 26, 707 (1957 
6) V. CHANDRASEKHARAN, Proc. Indian Acad. Sci. $A, 374 (1950); A. Rovsser. J. Lavat and R 


Locuer. ompt. rend 216, SAH (1043) 
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Vibrational spectra of sodium chlorate 


near 1000 wavenumbers is accompanied by a strong (78 per cent) reflection, which 
shows, as predicted by Haas and Hornte [5], a width corresponding to the separa- 
tion of the 987 and 1026 Raman lines. 

We have attempted to deduce from the reflection bands rough values for the 
absolute intensities. In the process we have computed a catalogue of reflection 
spectra which has led to some interesting generalizations. These are discussed 


\( \ 
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3000 cm”! 2000 


Fig. 2. Infrared absorption spectrum of NaClO, in the overtone region. Samples were 
single-crystal specimens with thicknesses: (a) 3-5 mm, (b) ~0-05 mm and (c) 1-0 mm. 
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Fig. 3. Reflectivity of NaClO, in the fundamental vibration region. 


briefly in Appendix I. Our results on band intensities may be summarized as 
follows. 

Firstly, with regard to the band »¥,, with components at 968 and 987, and 
reflections peaked at roughly 975 and 1000, Haas and Hornte’s [5] value of the 
dipole derivative, derived from the Raman line separation (and corrected for the 
multiplicity) is 133 em* * sec™'. Using this value in equations (Al), we find that a 
value of f = 5-5 cm” is necessary to fit the reflection band at 1000 reasonably. 
Adjustment of f changes only the peak height in this case. Since the 968 and 987 
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bands are both F components of y,, and should to a first approximation have the 
same dipole derivative, it is at first surprising that the 975 reflection band is so 
much weaker than that at 1000. A direct calculation of the reflection spectrum 
of such a pair of bands, however, predicts just this effect of de-emphasizing the 
lower-frequency bands; such a calculation gives a spectrum in semiquantitative 
agreement with experiment 

Then the 483 band was examined, as it is not complicated by possible isotope 
broadening. We had found earlier that the separation of the inflection points 


ble Dipole derivatives for the fundamental vibrations 


of NaClO.,, as derived from reflection measurements 


Raman 


the reflection band correspond closely to the separation 
Hornic [5] for the Raman transverse and longitudinal 
separation was 5-8 (-S wavenumbers, vielding a value 
derivative of 23 cm*? se (where the degeneracy has been taken into 
»found (Appendix I) a relation between the maximum reflectivity, 
constant f. From this rel itionship, f was 
\ calculated band based on these par- 
ak height an in band width 
the dipole derivative-R,-—f rela 


properties of re flection bands, indicated that 


bly prec luded hecause of broace ning 


these bands also em results which 
istent for and respectively, the dipole 
ec! \ calculation for y,. based on these values 


mand « xcept for the broads ning on the low-fre quency side due 


arizes the above results for the dipole derivative. It is difficult to 

ies involved in these values Foi Vs the result is quite 

e it is the direct result of frequency measurement. Perhaps 5 per 

cent would be reasonable for the accuracy of the dipole derivative. It seems 

doubtful that the other values are more accurate than 20) per cent. A greater 

effort to fit the observations with poly-term dispersion formulae might improve 
the relial lity of the results 

Potassium halide disks containing NaClO, and KCIO, were prepared during the 


1160 


| 

agl 

a 

a 

> : 
fem (em? sec ) 

933 55 + 10 

» oe - 

] 
, 19 
maximum s 
frequencies 

of the dinol 

= 

the du ed 

found to be 

thw hit entroned ot trins 
set puit reasonabl nd cor 

| 


Vibrational spectra of sodium chlorate 


course of this work, and though the spectra were of only minor interest to the 
problem at hand, they showed some important features. Potassium iodide pellets 
of the two chlorates gave identical spectra, clearly due to isolated ClO,~ ions in the 
KI lattice; the only band splittings were isotope effects. The broad bands in the 
960-1000 region (similar bands occur in pure KCIO,) had coalesced into an isotope 
doublet at 980-5-990-0 (at 84°K). », was split cleanly at 931-0-937-5. These 
isotope splittings are in reasonable agreement with prediction (Appendix II). The 
disappearance of the 991-974 doublet in the dilute solution (in K1) spectra shows, 
incidentally, that the assignment of this paper (correlation field splitting) is correct, 
and eliminates concern about the possibility of Fermi resonance between 2», and 
vy,. Potassium bromide pellets gave spectra which were far from simple. They 
seemed to retain most of the features of the pure crystal spectrum while in places 
adding bands. Perhaps they were partly diffused-homogeneous and partly hetero 
geneous samples. In the 1000 region two lines (at 84° K) at 993-0 and 1002-5 could 
be the isolated ClO,” isotope doublet. Broader lines occurred at 981 and 972, 
while the vy, doublet was found at 932-940. Much of the reflection effect of pure 
NaClO, was lost; for example the 1000 complex in the pellet extended only to 
1010-1020 instead of to 1030-1040. It was interesting that the 483 band was 
split and shifted (488 and 492-5) in the KBr pellet spectra at 84°K though not in 
the pure crystal spectra. 


Conclusions 


The rather complex vibrational spectrum of NaClO, has been completely 
explained. Perhaps the most important previously unconsidered feature is the 
strong reflection spectrum, which has provided information on the absolute band 
intensities. This reflection effect is to be expected quite generally when intense 
infrared absorptions are involved, especially in ionic crystals. 

Previous suggestions that band splittings in the inorganic chlorate spectra are 
due to “distortion” of the ClO,~ ion are neither valid nor necessary for NaClO,. 
It seems very probable that the great similarities in spectra among all chlorates 
in the 1000 wavenumber region indicate that the splittings in this region are of 
the same origin in all cases, and are not due to ‘distortion’, even when the crystal 
structures are of lower symmetry. Since, however, the », bands (near 480 wave- 
numbers) are split in almost all cases but not in NaClO, for KCIO,, Ni(ClO,),}, 
the splitting of this band can probably be attributed to a site effect—equivalent 
to saying that the ClO,~ ion is distorted. The amount of distortion necessary 
would be rather small, and would probably be outside the accuracy of X-ray 
determinations. 
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Appendix I 
Reflection Calculations 


The reflection calculations referred to in the text followed the formulae 
presented by Haas and Hornie 


(Ala) 


(Alb) 


40 
Fig. 4 Empirically observed relation between maximum reflectivity and the ratio of the 


tre quency -re duced intensity and dar ping tactors. This curve applies exactly only to the 


Case Ny 1-500, but is «¢ lose ly correct bet ween Ne l 4 and Neo 1-7. 


where vy, is the band origin, f the damping constant, » and « the indices of 
refraction and absorption and V the number of oscillators per em*. The high- 
frequency index, nv», was taken to be 1-500 for all calculations, and small changes 
have only minor effects on the results. . 
We found empirically that if we define 
(A2a) 
Vo 3 nc? \ 
1000) 
f* =| )/ (A2b) 
Vo 
there is an unique relation between p*, f* and R&,,, the maximum reflectivity. 
This relation is presented in Fig. 4, and holds exactly only for n, 1-500. It may 
be used for all practical purposes if n, lies between about 1-4 and 1-7, and will 
indicate immediately whether a given band (of known dipole derivative) will 
produce measurable reflection. 

As mentioned above, we found that the separation (Av) of the inflection 
points on the high- and low-frequency sides of the reflection band gave directly 
the dipole derivatives, in agreement with Haas and Hornia’s statement that the 
“widths” of the bands gave the intensities. The relation involved, adapted 
from reference [5], is 


4500 LOO0) 


Ay (A3) 


1162 


5 
R = [(n — 1)? + + 1)? + 
(n — ix)? =n? + — 
3 mc? \0Q) — v* + ifv 
| 
| 
| 
/ 
/~ 4+ + + + 
l 
oe 


Vibrational spectra of sodium chlorate 


The inflections do not actually coincide with the transverse and longitudinal 


7 . Raman frequencies. This approach breaks down when f becomes comparable 
ol a to Av. In such an event, Av is controlled by f, and simultaneously the absorption 
me a band width (depending on «) becomes roughly equal to /. 
Appendix I 
Normal Co-ordinate Analysis 
We have assigned several observed frequencies as *7Cl vibrations. Two effects 
can act to produce a difference between the ®ClO,~ and *"ClO,~ frequencies: 
the usual isotopic mass effect (which would be found in the isolated ClO,~ ion), 
Table 3. Frequencies and force constants in 
the chlorate ion 
Band (35C'1) + 
935-0 927 
Yo 625-0 620-5 
Vg 983-08 971-7 
482-0 480- 
5-748 mdyn/A 
VOL. = 02769 mdyn/A 
16 f, 2-339 mdyn/A 
1060 0-7261 mdyn/A 


Experimental values used to obtain f's. 
* Calculated. The product rule is obeyed exactly. 
§ Arbitrarily taken as the Raman frequency corresponding to the strongest infrared absorption. 


Shifting this value would change the f values slightly, but not outside their meaningful accuracy range 


as tsolated molecule force constants. 


and the decoupling of isotopic molecules in the crystal. The latter effect might 
influence the band shape of »,, where strong factor group splitting indicates 


strong coupling. We are interested here in the vibrational frequencies of essentially 


uncoupled modes, which may be calculated in the usual normal co-ordinate analysis. 
VENKATESWARLU and SUNDARAM [7] and Roccuiccro.i [1] have performed such 
analyses on ClO,~, the former authors treating also many other molecules with 


the same pyramidal symmetry. We believe their analyses to be erroneous. 


joth previous analyses use incorrect angles (angle O—CI—O = 89° or angle 


O—Cl-symmetry axis = 52°). Calculations based on the X-ray results [2] give 
O—CI—O 107°6’ and O—Cl-symmetry axis = 68°15’, and distances Cl—O 
1-477 A and from the Cl to the center of the O, triangle 0-547 A. 
LOCCHICCIOLI does not define her potential function, while VENKATESWARLU 


and SUNDARAM [7] make the erroneous statement that only five potential constants 


are necessary for the most general quadratic function.* The latter error is of no 


* VENKATESWARLU and SUNDARAM make an even less understandable error in the major part of their 
work: they assume values of f, as given by HERZBERG and thus are able to calculate four other force 
constants (for a total of five). Since HERZBERG’s values of f, are taken from a similar normal co-ordinate 
analysis on the same molecules, this approach is absurd, and its results meaningless. 


7| K. VenKATEswarcvu and 8. Sunparam, Proc. Phys. Soc. (London) A 69, 180 (1956). 
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actual import, since there are only four frequencies observed. We have followed 


VENKATESWARLU and SunDARAM (and Howarp and WILson [8]) in neglecting 
the two distance-angle interaction constants in the valence force field, so that 
our potential function is: 
2V =f2=r? + 

The remainder of our treatment, while independently carried out using the correct 
geometry, is identical with that of VenKATESWARLU and SuNDARAM. Our force 
constants are significantly different from those previously obtained. 

Table 3 lists the frequencies we have taken for the *5C1O,~ ion, the calculated 
ClO,” frequencies and the force constants. It is seen that several bands have 
significant isotope shifts, which are in reasonable agreement with our observations. 


J. B. Howarp and E, B. Witson, Jr., J. Chem. Phys. 2, 630 (1934). 
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Abstract The infrared spectra between 3500 and 450 em! of high-c7s and high-trans forms of 
wolvbutadiene-2-d,. polvbutadiene-2:3-d, and polybutadiene-d, are presented along with the 
por | 2 por 6 | 
spectra of the cis and trans-forms oft the perprotio oly but idiene The major assignments in 
l per] por 
the spectra of the deuterio poly butadienes are the bands corresponding to the c/s- and trans 
1:4-polymerization units: CH=—CD—., 658 and 892 em"?; CD—CD—., as in polybutadiene- 
2:3-d,. 630 and 718 em; —CD—CD—., as in polybutadiene-d,, 593 and These bands 
rep 


are the deuterio counterparts of the well-known bands at 743 and 965 cm presenting, 
resp tively, the cis- and trans-forms of the CH CH unit. Associated with the above 

mentioned —-CH—CD-— bands, which are due to out-of-plane deuterium deformations, there is 
also a hydrogen deformation band at 747 cm™ in the cis-case and one at 972 em 1 in the trans- 
case. The relative intensities of the CD, bending vibrations in polybutadiene-d, were found to 


he much less than those of the CH, bending vibrations in the spectra of the other poly butadienes. 


Introduction 
CONSIDERABLE effort has been devoted in these laboratories to the preparation and 
characterization of a variety of deuterio polymers. The aim of this work has been 
to obtain a better understanding of the microstructure of the corresponding protio 


polymers, and at the same time gain some additional insight into the relationship 


hetween the structure and the dynamic and other properties of such polymers. As 


a result of this effort, the preparation and properties of perdeuter! ICUS polyis mrene 
(“deuterio rubber’) were recently reported [1, 2]. This polymer was obt 1ined 
through stereospecific polymerization of isoprene d.{3] in a manner analogous to 


that employed in obtaining the perprotio cis-polyisoprene (“Ame ripol SN 1. 5 
Recenth this interest in deuterio poly mers was exte ided to the ‘paration ol 

hutadiene-2-d,, butadiene-2:3-d, and butadiene-d,, and their 

merization to nearly all-eis configurations, Since the cis—trans ison 

perprotio polybutadiene had been studied in some detail [6,7 

worth while to carry out comparable isomerization experiments on these 

polybutadienes In this way, the infrared spectra of the trans-forms 

polymers were obtained in addition to those of the original cis-structures, ti 


affording a fairly detailed analysis of the spectra of these various deuterio | 


hutadienes. This was important in connection with a proposed study of 
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mechanisms of certain polymer reactions where isotopic replacement is essential 
in order to reach definitive conclusions. Thus, for example, in investigating the 
possibility of double-bond migration in polybutadiene, it would be interesting to 
see if, in the spectrum of a properly treated polybutadiene-2:3-d,, which has the 
structure (—CH,—CD=CD—CH,—),, there is any formation of —CD—CH— 
units or even —CH=—CH— units. These units would be formed as a result of the 
double bond migrating one or two carbon atoms over from its original position in 
the polymer chain. In order to carry out such an analysis, it is necessary to deter- 
mine the frequencies of the absorption bands due to the cis- and trans-forms of the 

CD—CD— and —CD—CH— units; the absorption bands of the corresponding 
forms of the —CH—CH— unit are already known. This paper is thus concerned 
with the presentation and analysis of the infrared spectra of the high-cis and high- 
trans polymers of butadiene-2-d,, butadiene-2:3-d, and butadiene-d,. 


Experimental 
The various deuterio butadiene monomers were prepared by Craic and FowLer 
of these laboratories [8]. After purification they contained no more than about 


5 per cent of isotopic impurities. The monomers were then polymerized to a high 
cis-configuration by Tucker, also of these laboratories, using stereospecific polym- 
erization techniques [9]. Portions of the cis-polymers were isomerized to high 
trans-configurations by means of ultraviolet irradiation of their benzene solutions 
using diphenyl disulphide as sensitizer [6]. The various polybutadienes, both cis 
and trans, were purified by several reprecipitations from benzene using methanol 
as precipitant. The infrared spectra were run on thin polymer films cast from 
benzene solution onto KBr plates, using the B. F. Goodrich infrared spectro- 
photometer. The spectra of the cis- and trans-forms of the three deuterio poly- 
butadienes as well as those for the perprotiopolybutadiene, included for easy 
reference, are shown in Figs. 1-4. The wavenumbers of the absorption bands 
between 3100 and 450 cm~! for these polymers are presented in Tables 1 and 2. 


Discussion 

The configurations of the repeating units of the various polybutadienes whose 
spectra are shown in the figures are essentially as indicated there. Apart from small 
amounts of isotopic impurities in the deuterio polybutadienes, these materials all 
contain minor amounts of other structures, such as the opposite geometrical 
isomers and also 1:2-polymerization units. Several of the spectra display weak 
bands of aromatic origin, possibly due to trace amounts of antioxidant which 
resisted removal. The easily recognized impurity bands are indicated in Tables 1 
and 2. It is not possible, however, to identify all the impurity bands since the 
spectra of the pure deuterio polymers are not known. 

The C—D stretching bands appear at frequencies (~2200 em-!) which are 
lower than those of the corresponding C—H bands (~2900 em-') by a factor of 
about 0-76, which is nearly the same as the factor calculated from the relative 


8} D. Crate and R. B. Fow.er, J. Org. Chem. In press. 
9} H. Tucker. Unpublished results. See Belg. Pat. 575671 (1959), 
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¢ a Infrared absorption spectra of several deuterio polybutadienes 
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Fig. 1. Infrared spectra of high cis- and high trans-forms of polybutadiene-d,. 
LiF CaF. + KBr 
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Fig. 2. Infrared spectra of high cis- and high trans-forms of polybutadiene-2-d,. 
pol} 1 


masses of the hydrogen and deuterium atoms, viz. ,/(7/13). As may be seen, the 
relative intensities of the C—D and C—H stretching bands are approximately 
the same. 

The spectra of all the polymers except those of polybutadiene-d, contain 
fairly strong CH, bending bands near 1450cm~!. In the spectra of the latter 
polymer those bands in the 1100 cm-! region where CD, bending bands are 
expected to appear are relatively much weaker than the corresponding CH, bands. 
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This is contrary to wv hat is expected from a consideration of the spectra of perprotio 
and perdeuterio-paraffins [10]. In the case of the paraffins, the relative intensities 
of the CH, and CD, bending bands are not very different. As with the polybuta- 
lenes the ( D, I ‘nding bands in perdeuterio- s polyisoprene were seen to be 


much weaker than the CH, bending bands in the corresponding perprotio 
Nature 159, 739 (1947 
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Infrared absorption spectra of several deuterio poly butadienes 


polymer |2]. No explanation can be offered for the anomalous intensity relation- 
ships between the CH, and CD, bending bands in the spectra of the diene polymers. 
Nevertheless, the bands of medium intensity at 1095 and 1070 cm~' in the spectra 
of cis-and trans-polybutadiene-d, have been assigned to CD, bending vibrations. 


Table 1. Infrared absorption spectra of polybutadiene-d, and poly butadiene-2-d 


Poly butadiene Polybutadiene-2 


2020 2040 
2000 
1740 \ 2855 


164% 


100s 


These are the only two bands in this region which are not greatly change 
cis—trans isomerization. The relative intensities of these bands change in 
analogous to that shown by the CH, bands in the spectra of polybutadiene 

this polymer is isomerized. The wavenumbers of the ¢ H, and CD, 
vibrations as well as the ratios of the CD, to CH, frequencies for n paratins and 


eis-and trans-polybutadienes are presented in Table 3. The ratios are all close to 


y (7/13), thus indicating that the band assignments for CD, bending are reasonable. 


The 1:4-addition polymers of butadiene can be regarded as 1:2-disubstituted 
ethylenes so far as the out-of-plane hydrogen deformation frequencies are 


concerned. The strong band at 965 cm~' in the spectrum of trans-polybutadiene-d, 
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undoubtedly corresponds to the trans-out-of-plane hydrogen deformation band 
which has been well established for trans-disubstituted ethylenes of low molecular 
weight [11-13]. The frequency of this band is remarkably constant for hydro- 
carbon molecules containing trans RCH=CHR’ groups [14]. On the other hand, 


Table 2. Infrared absorption of polybutadiene-2:3-d, and polybutadiene-d, 


Polybutadiene-2:3-d, Polybutadiene-d, 
cis trans cies trans 
Wave Wave- Wave Wave- 
number Description number Description number Description number Description 
(em~') em?) (em!) 
3100 vw sh 3085 “ 3030) vw 30151 vw 
3030 w sh 2920 vs 204 w 2020 “ 
2040 vs 2805 vs sh 20001 vw b sh 2239 s sh 
2910 vs sh 2843 vs 2450 vw 2225 s sh 
vs 2680 vw b 2°40 2207 vs 
2670 w b 2235 m sh 2222 vw sh 2183 vs sh 
vw b 2°07 2°08 2008 
2235 s 1700 vw sh 2103 s 1730 vw 
2215 m sh 1643 “ 1660 vw sh 1700 vw b sh 
vw b 15081 1635 m 1640 
1638 m 14851 w 1460) vw b sh 14881 vw 
1610 vw sh 1455 s sh 14401 vw b sh 14521 vw 
1525 vw 1442 s 1360 vw 14251 vw b 
1503 vw 1345 m 1317 vw sh 1360 vw 
1455 s 1293 vw 1298 vw sh 1320 W 
1439 s 1270 vw b 1235 m 1200 vw sh 
1370 vw 235 “ 1220 vw sh 1245 Ww 
1343 m 1200 w sh 1130 vw sh 1190 vw b 
1317 vw sh 1188 m 1095 m 1120 w b sh 
1205 vw sh 1100 m 1070 m 1095 m 
1264 w 1028 vw 1045 m 1070 m 
1229 w 975i vw 1005 m 1040 vw sh 
1183 915 w b sh 1007 
1120 vw SUSI m 935 vw sh 970 vw b sh 
1085 w S45 wb S78 m b sh G17 m 
1O1S w b SONS vw b S60 m S65 wb 
Ws5 vw sh 762 w sh S34 m 820 vw b 
048 vw 750 m b sh 758 w b sh 785 vw b sh 
Oh “ 740 m b sh 715 m 712 vs 
900 vw sh 718 vs 700 w b sh SSSI m 
852 w 693 m sh 593 s 485i w b 
S12 w b 610i wb 482 m b 
768 wb w b sh 
720 
630 sb 
m b 
s=strong; m<medium; w=weak; v=very; b=broad; sh=shoulder; i= probable impurity band. 


the cis-out-of-plane hydrogen deformation bands vary widely in frequency, 
intensity and band shape, as may be seen in the spectra of the relatively few 
hydrocarbons known to contain this group [14]. The broad absorption envelope 
with a maximum intensity at 743 cm~' in the spectrum of cis-polybutadiene-d, 
has been assigned to the cis-out-of-plane hydrogen deformation. 


1| N. SHeprarp and G. B. B. M. Surnerianp, Proc. Roy. Soc. (London) A 196, 195 (1949). 
2) J. E. Kuvparrick and K. 8. Prrzer, J. Research Nat. Bur. Standards 38, 191 (1947). 


13) W. J. Ports and R. A. Nyquist, Spectrochim. Acta 15, 679 (1959). 

14) Infrared Spectral Data, Research Project 44, American Petroleum Institute. 
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Infrared absorption spectra of several deuterio polybutadienes 


As was expected, both the cis-and trans-out-of-plane hydrogen deformation 
bands shift to lower frequencies when one or both hydrogen atoms attached to the 
double bonds are replaced by deuterium atoms. The frequencies for the cis-and 
trans-units in the various polybutadienes under consideration are presented in 
Table 4. 

The cis-out-of-plane deuterium deformations produce two recognizable 
maxima, both of which are reduced in intensity by cis-trans isomerization. The 


Table 3. CH, and CD, bending vibrations of various substances 


CH, éCcD, 
1) 


(em (em 1) 
n-paraffin * 1473 1112 
1450 1091 


CIR polybutadiene 1460 L095 0-750 
1440 1070 0-743 


trans-poly butadiene 1457 1095 0-752 
1442 1070 0-742 


* Wavenumbers estimated from the spectra shown in [ 10}. 


Table 4. Out-of-plane hydrogen and deuterium deformation frequencies 


Polymer Structure O(CD)/A(CH)* 
(crn 


ACD H)* 


Polybutadiene-d 743 
Polvbuta 

diene-2 d,* ‘H, ‘'H, 747 
Polybuta 

diene-2-d,+ ‘H,—C ‘H,—), 658; 580 “S86 92 0-924 
Polybuta 

diene-2:3-d, ‘'H, ‘'H, 630; 550 0-744 
Polybuta 


diene } D, 593; 482 Ti: 0-739 


* Based on the (higher) C—-D deformation frequency in the given deuterio polymer and the corre- 
sponding C—-H frequency in polybutadiene-d, of the same geometric configuration. 

* Hydrogen deformation band 

* Deuterium deformation band. 


trans out-of-plane deuterium deformations produce single bands which are quite 
intense. The relative intensities of the cis and trans deuterium out-of-plane 
deformation bands are about the same as those of the corresponding hydrogen 
bands. 

It is interesting to consider the CH—CD unit in more detail since it 
contains a hydrogen atom at one end and a deuterium at the other end of the 
double bond. The mode in which both hydrogen atoms or both deuterium atoms 
on the double bond move in phase with each other above and below the 
R—C=C—R’ plane is undoubtedly the mode [13] which is responsible for the 
strong deformation bands noted above for polybutadienes-d,, -d, and -d,. However, 
this mode does not exist in cis-polybutadiene-d, since the ratio of the 6(CH) and 


0-752 
1060 
) 
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6(CD) frequencies is such that there will be little interaction between the C—H and 
C—D vibrations and therefore they will be essentially independent. Consequently, 
separate bands for the out-of-plane hydrogen and deuterium deformation 
vibrations should appear in the spectrum, and these are indicated in Table 4. The 
bands at 747 and 972 cm~! which are assigned to the hydrogen vibrations are very 
much weaker in intensity than the bands at 658 and 892 cm~' assigned to the 
deuterium vibrations. Although an explanation for this effect is not available at 
present, it is possible that some complex mode is involved here which could perhaps 
be elucidated by a detailed normal co-ordinate analysis. 
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Device for high-precision time-resolved spectroscopy 
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Department for Spectroscopy, Budapest, Hungary 


(As revised, 28 June 1960) 


In cyclic transient electric discharges, the selection of time ranges with time resolution 


Abstract 


in microseconds is accomplished with the aid of a rotating disk. For phasing the disk use is 


made of the strob scopic effect produced by the light of the spark on the rotating disk placed 


before the slit of the spectrograph. In this manner, an arbitrary time range of the light emission 


can be selected from the light of the electric spark. To select the portion desired, synchronization 


of the moment of discharge initiation and the rotational phas¢ position of the rotating disk with 


respect to the slit of the spectrograph is needed. This provides a practical and reproducible 


technique for the production of time-resolved spectra. 


By EMPLOYING spectroscopic light sources controlled electronically with high 
precision {1, 2], the production and application of time-resolved spectra arising 


from transient electric discharges of all types has been accomplished. If the 


spectrum can be recorded photographically, the total wavelength range can be 


simultaneously time resolved [3,4]. Time resolution of the spectrum can be 


accomplished by either a rotating mirror or a rotating disk. 
With a rotating mirror, continuous time resolution can be achieved if the light 


source is imaged on the slit of a stigmatic spectrograph and swept along the length 
of the slit [3,4]. Since the time resolution is higher the smaller the size of the 


light source on the slit, an arbitrary time resolution can be achieved in principle 


by decreasing the dimensions of the light source. This may be accomplished either 
by introducing a screen before the light source, or by optically reducing the source 


Image. 

A continuous time resolution can also be attained with a rotating disk if the 
disk, which is placed before the slit of the spectrograph, is provided with an 
oblique aperture which effectively scans the slit length. In the latter case, however, 
the obtainable time resolution is smaller than that of the rotating mirror because 
the width of the oblique aperture of the rotating disk cannot be arbitrarily decreased. 

Another technique for spectroscopic time resolution consists of permitting 


radiation emitted during only a specific time interval of the transient discharge to 
reach the spectrograph. Such a method has been described previously [5. 6} 
where radiation emitted during the initial time range of the spark discharge has 
been screened out. In this case, the time-resolving element was a rotating mirror. 
It should be noted that the use of a rotating mirror for this purpose presents a 
disadvantage; viz., that in order to attain a high time resolution, only a very 


[1] A. Barpécz, Nature 171, 1156 (1953). 

A. Barpécz, Spectrochim. Acta 7, 307 (1955). 

{3} A. Barpécz and F. VarsAnyt, Z. Naturforsch. 10a, 1031 (1955). 
[4] A. Barpoécz, Z. angew. Phys. 9, 82 (1957). 

[5) A. Barpoéoz and F. VarsAnyt, Nature 177, 222 (1956). 

(6) A. Barpdécz, Appl. Spectroscopy 10, 183 (1956). 
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small portion of the light source can be used, necessitating a relatively high light 
loss. In contradistinction to this, a rotating disk provided with radial apertures 
and mounted with edges parallel to the slit of the spectrograph can be used ad- 
vantageously. Such a rotating disk is illustrated in Fig. | with the auxiliary 
accessories pertaining to it. 

The device of Fig. 1 is suitable for screening out radiation during an arbitrary 
time interval during the discharge. The following discussion describes the operation 
of the device. 


Radiation from the source F enters the spectrograph through the lens L1 


Fig. 1. Device for high-precision time resolved spectroscopy. 


and the slit Bl. T is a rotating disk with two apertures 180° apart. The disk is 
mounted so that the whole length of the slit is illuminated when an aperture is 
in front of the slit; otherwise only half the slit is uncovered. 

The phase of initiation of the spark is controlled by light from H passing 
through the slit B,, through the other aperture, falling on the photocell J. This 
drives an electronic amplifier, producing a voltage pulse which triggers the high- 
precision electronically controlled spark source. The phase is changed by shifting 
B, in the direction of the arrows (perpendicular to the axis of rotation of 7). 

The disk has a bevelled edge, so that light from F shows up a mark V. A 
second mark WV is carried on a block O which may be moved by a micrometer 
screw S in a direction parallel to the edge of the disk. .W and N may be viewed 
through the lens 12. The mark .V will appear stationary because of the stroboscopic 
effect of the intermittency of the spark F. 

The zero position of the device must be determined. By zero position is 
meant that position of the disk such that the leading edge of the aperture in front 
of B1 first exposes the slit. With the disk stationary a cylinder Z which is rubber 
covered, may be let into position so that it presses on the edge of the disk, allowing 
a fine motion to be applied. Observing a spectral-line in the spectrograph, Z can 
be turned so that the slit Bl is not quite covered. The adjustable mark / is then 
set in line with 1. 


Z is removed from contact with the disk, and the apparatus set in motion. 
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Device for high-precision time-resolved spectroscopy 


It will generally be found that .7 and N do not appear in line, indicating that the 
moment of initiation of the spark is not in phase with the zero position. This is 
corrected by shifting B2, until W and N are again aligned. This state is referred 
to as the ground state of the whole system. 

The desired interval of the discharge can now be chosen by displacing .V with 
the micrometer-screw. The diameter of the disk is such that, when revolving at 
3000 rev/min, a movement of 0-1 mm at the circumference corresponds to 4 psec. 
For our working conditions, the duration of initial occulting varies from 4 to 
20 usec, corresponding to movement of V/ from 0-1 to 0-5 mm. After shifting 7, 
the distance required B2 is moved until .V7 and N are once more aligned. 

Fig. 2 illustrates the practical application of the device with spectra taken in 
air with spectroscopically pure carbon electrodes. The first spectrum was taken 
with the disk so phased that the slit of the spectrograph was fully exposed during 
the entire discharge interval. In the second spectrum the first 8 wsee of the 
discharge is screened out from the radiation passing through the lower part of the 
slit. The third spectrum shows the effect of screening out the initial 16 usec; the 
fourth the initial 24 wsec; and the fifth the initial 32 wsec. The changes occurring 
in these spectra can best be explained by consideration of Fig. 3, which is a con- 
tinuously time-resolved spectrum of spectrographically pure carbon. This spectrum 
was taken with a rotating mirror and illustrates the time-resolved radiation from 
a high-voltage spark. The time scale is shown. 

This spark spectrum can be seen to consist in its initial stages primarily of air 
lines and an air continuum with the spectrum of the electrode material appearing 
after the initial stage. The electrode material spectrum may be traced by the 
3883-3850A and 4216—-4152A cyanogen band heads. In the upper portion of the 
Fig. 2 spectra the electrode spectrum is completely oppressed by the air lines and 
air continuum from the initial stage of the discharge. From Fig. 3 it can be seen 
that the air spectrum endures for only about 10 wsee under the conditions used. 
If. in view of this, the radiation arising from a time interval of this order of mag- 
nitude is screened from the initial discharge interval, the spectrum obtained will 
be free of the interfering air lines and background. Therefore, the greater the 
delay between discharge initiation and exposure initiation, the purer will be the 
spectrum until, after about 16 usec delay, only the theoretically pure carbon 
spectrum is obtained. 

The conditions used in obtaining the spectra of Fig. 2 and 3 are an 8-mm 


spark gap, an 0-45-mm screening slit just before the spark gap perpendicular 


to its axis, source capacitance of 0-01 uF, charging voltage of 25,000 V, and 
residual circuit resistance and inductance. The discharge frequency is about 
0-5 Me/s and the total discharge duration is about 45 usec. Actually, light emission 
continues for a longer time interval than this because of emission of CN bands in 
the discharge afterglow. The spectra were taken with a medium quartz spectro- 
graph. 

The time resolution obtainable with the device described herein in conjunction 
with the author's electronically controlled high-precision spark source [1, 2] is 
better than | wsec. 

Acknowledgement author expresses his grateful appreciation to Rupo_r for his 


contribution to this work 
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Introduction 
IN DILUTE solution, secondary amines usually show one band in the infra-red at 
3500-3300 em~', associated with the N H stretching vibration |i} For alkyl! 
amines, this band occurs in the 3310-3350 em~! region, whereas alkyl-ary! amines 
absorb ; iighe ar 3420-3450 [2 By analogy with primary 
amines, this frequency shift may be accounted for by a change in the configuration 


of the nitro valency bonds!3)}. Certain secondary amines however, show two bands 


in the N H strets hit region and it has Hee sugvested that these two bat ds are 


due to rotational isomerism [2,3]. This type of isomerism has been observed in 
many compounds containing the —CO—CHX, and —CO—CH,X groups, arising 
from restricted rotation of the CHX, or HX group For compounds examined 
in the liquid phase two bands are observed in the carbonyl! stretching region, and 
only one band is usually observed when examined in the solid state. Two bands 
are often observed in the N—H stretching region for secondary amides [2, 4}. 
This has, however, been assigned to geometrical isomerism arising from the partial 
double-bond character of the C—N bond [4]. The infra-red spectra of N benzyl- 
aniline and a number of its substituted derivatives have now been examined in 


more detail to see how far the results are consistent with rotational isomerism. 


Experimental 
The spectra were determined with a Grubb Parsons 84, double-beam spectro- 
meter using a calcium fluoride prism. Bands in the N-—H stretching region were 
measured by direct calibration against a spectrum of ammonia gas [5] run immedi- 


The Infrared Spectra of Complex Molecules Chap. 14. Methuen, London (1958). 
and H. W. Tuompson, J. Chem. Soc 483 (19055) 
Spectrochim, Acta 1§, 242 (1959 
tt and H. W. Tompson, Spectrochim, Acta 8, 138 (1956). 
Downtime, M. C. Macoon, T. Purce st and B, Crawrorp, Jr., J. Opt. Soc. Am. 43, 941 (1953) 
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The N—-H stretching frequencies and molecular configurations of some aromatic amines 


ately prior to each measurement. Sharp bands were reproducible to +1 em! 
but broader bands or those which were partially resolved were re producible to 
only +2 or3 ecm. Carbon tetrachloride or Analar chloroform which was purified 
by passage through a column of silica gel. were used as solvents in 3 or 1 mm cells 
respectively. A few compounds were examined in 10 mm cells with silica windows 
Spectra of compounds in the crysti illine state were obtained as mulls dispe rsed 
hexachlorobutadiene. Te mperature studies on the bands were made in 10 mm 
cells enclosed in a water jacket through which water was circulated by a pump 
from a thermostat Apparent molecular extinction coefficients were de ‘termined 
from the relationship log where is the concentration (moles/| 
and / is the path length (em). No account has been taken of finite slit width or of 
overlapping bands in the calculations. The compounds were made by standard 
methods, or were commercially available, and were purified by recrystallization 
or fractional distillation until their physical constants were consistent with those 
reported in the literature. The deuterate “cd compounds were obtained by treatment 
of the corresponding amine with DO (99-78 per cent molar ratio 100:1) at 


90-1L00°C. with subseque nt drving in vacuo. 


Results and discussion 


1 N H stre tching bands o} N -be nzylaniline 

Results. The N—H stretching frequencies of N-benzylaniline and a number of 
its derivatives in carbon tetrachloride, chloroform and in the solid state, together 
with relative outnetion coefficients in solution, are shown in Table 1. With the 
exception of N-benzyl-2-nitroaniline, all show a band in both the 3418—3432 and 
3442-3462 cm! regions in carbon tetrachloride or chloroform solutions. but the 
frequencies and relative intensities of the two bands in the two solvents do not 
alter markedly and the changes which occur do not appear to be systematic (Table 
1). For N-benzylaniline, the position and relative intensities of these two bands 
are independent of concentration in the range 0-04—0-0015 M (in CCl,) and similar 
results were obtained for a number of its derivatives. It is therefore unlikely that 
intermolecular hydrogen bonds are involved in the origin of the two bands. No 
detectable change in the relative extinction coefficients was observed for N-benzy]- 
aniline when examined in dilute solution in carbon tetrachloride over the range 
15-70°C 

In the solid state. all the compounds examined showed only one band, which 
is in most cases in a similar position to the lower-frequency band observed in solution. 
Only a single band at 3418 cm-! was observed also, when N-benzylaniline was 
examined as a liquid film at 50°C. In a liquid film, as well as in the solid state. it 
is probable that intermolecular hydrogen bonding occurs. 

Discussion. In a previous discussion [3] of the N—H stretching frequencies 
of N-benzylaniline, it was shown that the two bands at 3448 and 3418 em—! were 
absent in the deuterated compound, being replaced by the corresponding N—D 
bands at 2558 and 2537 cm~!. Thus Fermi resonance was not responsible for the 
two bands. The results now obtained support previous suggestions that the origin 
of the two bands is due to rotational isomerism. 
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The observation of two bands in solution, but only one band in the solid state 
is analogous to the behaviour of the carbonyl stretching bands for a variety of 
x-halogenated ketones [6,7] in which rotational isomers occur in the liquid phase 
or in solution, but only one conformation is present in the crystal lattice. A 
similar interpretation may be applied to N-benzylaniline, except that only one 
band is observed in the liquid state. Although the N—H stretching frequency 


Table 1. Bands in the 3500-3300 em! region for N-benzylaniline and related compounds 


roon 


Chlorofor 
Solid * etrachloride 


solution 
solution 


benzvlaniline > 3448 3418 3447 3420 
3442 3418 3443 3420 
benzy!-4-chloroaniline : $450 $423 


33! 3395 


benzv1-4-nitroaniline 34535 34: 3451 3450 
benzyl-2-methvlaniline 3460 342! 2 3462 3429 
2-methoxybenzylaniline < 3444 342% 3449 3427 

hoxybenzy1-4-chloroaniline 3452 3451 3428 
-benzyl-1-naphthylamine 3458 3426 3462 


2-met 


-ethylaniline 


* Mulled in hexachlorobut diene 
+ Frequency values in C l, taken from Morrrz {3 


Ratio of e, higher frequency é,* (lower frequency) for the two bands at room temperature 
20-25 C), where e* is the apparent molecular extinction coefficient. 


observed for the compounds examined in the crystalline state is in most cases 
comparable with the lower-frequency band observed in carbon tetrachloride 
solutions, an unequivocal assignment cannot be made as to which band corresponds 
to the more stable form in the solid state owing to the possibility of intermolecular 
hydrogen bonding or other effects arising from a change of state. It might be 
possible to obtain further evidence of these effects if the solid-state configurations 
were known 

The effects of solvents of high dielectric constant favour the more polar forms 
of rotational isomers [7]. For the present compounds there is the added complication 
that intermolecular hydrogen bonds may occur in polar solvents: however. no 
significant changes of frequencies or relative extinction coefficients occur in carbon 
tetrachloride or chloroform solutions. 

It should be possible to determine which is the more stable isomer by a study 
of the relative intensities of the two bands at various temperatures. But no 
detectable change was observed for N-benzylaniline for the temperature range 
examined. As the intensities of the two N—H bands are approximately equal, 
the two conformations appear to be equally preterred. This may arise from 
opposing but similar energy contributions to each conformation present. It would 
be desirable, however, to extend the temperature range studied to verify that the 


J. Bettamy, L. C. Toomas and R. L J. Chem. Soc. 3704 (1956 
J. Bectamy and R. L. J. Chem. Soc. 4294 (1957 
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temperature independence arises from two conformations of equal thermodynamic 
stability. 

To ascertain the conformations present in solution, the observation of different 
N—H stretching frequencies but similar stability of the isomers must be considered. 
These conformations must also account for the presence of only one N—H band 


in N-benzyl-2-nitroaniline. 
Two possibilities of rotational isomerism in N-benzylaniline are: (1) about 


| (gauche) 


the CH,—N bond, or (2) about the aryl-N bond. The first possibility is analogous 
to that for m-substituted acetophenones and may be represented by the conforma- 
tional structures | and II (R=C,H,;). The preferred conformations would be 
determined by the steric interaction of the ortho-hydrogen atom of the anilino 
ring with the benzyl group. The origin of the different N—H stretching frequencies 
may be analogous to the behaviour of ketones with the halogen atom in the a- 
position. This results in a shift of the carbonyl absorption when the halogen atom 


is cis in respect to the carbonyl group and has been ascribed to dipolar field effects. 
Little is known of the various factors which affect N—H stretching frequencies 
compared with that known for carbonyl groups. However, the difference in the 
N—H stretching frequencies found for cis- and trans-amides (3420-3440 and 
3440-3460 cm~', respectively) [4] may well arise from dipolar field effects of the 
carbonyl group in the cis-isomers. It is not known however whether the effect of 
a phenyl group adjacent to the N—H group in N-benzylaniline (I1) alone would 


be sufficient to cause the shift observed, although in a preliminary note by Ox1 
and IWAMURA [8] it is suggested, by analogy with the spectra of benzyl alcohol 
and its derivatives, that the origin of the shift arises from interaction of the N—H 
group with the z-electrons of the phenyl ring. A comparison of the N—H stretching 
frequencies of N-benzylaniline with N-ethylaniline (Table 1) would then suggest 
that this interaction (cis-conformer II) gives rise to the higher-frequency band. 
This is opposite to the effect observed with benzyl alcohol and its derivatives [8] 
in which the interaction of the hydroxyl group with the z-electrons results in a 
shift of the O—H stretching band to lower frequencies. 

The second possibility of rotational isomerism in N-benzylaniline is about the 
aryl-N bond. Rotation about this bond may result in a difference in the degree of 
conjugation of the nitrogen atom with the aromatic ring and consequently a 
change in the N—H stretching frequency. This would seem to be of importance 
in such compounds as N-phenyl-l-naphthylamine which shows two N—H stretch- 
ing bands in solution [2]. Similarly in N-(1-naphthyl)benzamide, two bands (at 


[8] M. Ox1 and H, Iwamura, Bull. Chem. Soc. Japan 32, 955 (1959). 
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$444 and 3463 cm~') have been assigned to rotational isomerism about the aryl-N 
bond {4} 

That such rotational isomerism might account for the two bands in N-be nzy lani- 
line is supported by the observation of only one band of lower frequency in N-benzyl- 
2-nitroaniline. Intramolecular hydrogen bonding has been suggested for this 
compound [3] and if this occurs, then there would be a tendency to stabilize the 
coplanarity of the amino and nitro groups (see following section). 

Although the presence of rotational isomers arising from rotation about the 
aryl-N bond would explain the observation of only one band in N-benzyl-2- 
nitroaniline, it is difficult to account for the presence of equally preferred isomers. 
lhe present results must therefore be considered indecisive in assigning the pre- 


ferred conformations. 


2. H ydroge honding in N-b nzyl-2-nitroaniline 

In the case of 2 aminoacetophenone, as with 2:6 dinitroanilines. HAMBLY and 
BONNYMAN [4%] concluded that “the relative positions of the groups forming the 
hydrogen bond is maintained, not by the bond itself, but by conjugation of the 
groups with the aromatic ring and with each other.’ Conjugation occurs in both 
the ortho- and para-compounds, and if the effect observed in N-benzyl-2 nitro- 
aniline is due mainly to conjugation effects, only one band might be anticipated 
for N-benzyl-4-nitroaniline; but two bands are observed (Table 1). Furthe rmore, 
Dyatt and Hamsty [10] could find no evidence for appreciable intramolecular 
hydrogen bonding in 2-nitroaniline, and thus the occurrence of intramolecular 
hydrogen bonding in N-benzyl-2-nitroaniline seemed to be in doubt. In view of 
this uncertainty, the N—H stretching frequencies of a number of ortho-nitroamines 
of the type Ill have been examined and compared with the corresponding para- 
nitro-isomers. The results are shown in Table 2. 


Although and Hasty [10] 


| found no evidence for appreciable intra- 
molecular hydrogen bonding in 2-nitroaniline, they deduced from a comparison 


of 2- and 4-nitroacetanilides that a hydrogen bond of moderate strength occurred 


H stretching frequencies in dilute solution* 


Present work Previously reported values 


3433 34337 
3399 


34347 
33547 


23647 
3368t (CHCI,) 


34293 


(1958), 
1958): ( hem. In 


: 
; 
19 
N hy] ' 
=-Nitrod el mine 3355 
4-Nitrod her lal ne 3430 
Nitroace nilick 3365 
t-Nitroacetanilid 3451 CHC HC" 
i ani 345 | a) 
rom te chil de, except where indicated in parentheses 
Russ ind THompsown [2 
A. N. Hamepry and J. Bonnyman, Australian J. Chem. 11, 529 
L. K. and A. N. Australian J. Chem. 11, 513 | London) 262 aie 
1958 
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in the former compound, in agreement with previous results [11, 12]. However, 
the difference in N—H stretching frequencies between these two compounds 
(61 em~! in CHCIl,) is similar to that observed for the ortho- and para-amines 
examined here and if it is to be concluded that hydrogen bonding exists in 2- 


nitroacetanilide, then bonds of similar strength exist in 2-nitrodiphenylamine, 


N-methyl-2-nitroaniline and N-benzyl-2-nitroaniline. 


IL ,COCH, 


The existence of intramolecular hydrogen bonding in N-benzyl-2-nitroaniline 
is supported by the position of the N—H stretching band in the solid state. The 
4-nitro-isomer shows only a single band in the solid state at 3362 cm-', depressed 
by 91 or 69 cm” from that observed in solution; but no such depression is observed 
in N-benzyl-2-nitroaniline. This could arise from the preferential intramolecular 
hydrogen bonding in the latter compound, but the crystal structure and steric 
hindrance to the approach of another nitro group to the N——-H group in the lattice 
of the crystal could also be of importance. 


3. Intramolecular hydrogen bonding in 2-nitroaniline 

The above results indicated that intramolecular hydrogen bonds of significant 
strength exist in secondary aromatic amines with an adjacent nitro-substituent. 
This suggests, contrary to DyaLt and HaMBLyY’s conclusion, that a bond of similar 
strength exists in 2-nitroaniline. The evidence for such a bond is supported by a 
study of monodeuterated-2-nitroaniline. 

Aniline N-d, and 4-nitroaniline N-d, show N—H stretching bands in CCl, at 
3430 and 3458 cm~, respectively [13], this shift being accounted for by the com- 
bined inductive and mesomeric effects of the para-nitrosubstituent. However, 
for 2-nitroaniline N-d,, DyaLi and HamBty [10] observed, without comment, two 
bands in the N—H stretching region at 3480 and 3448 cm~! (solvent?). This is 
now confirmed in the present study as two bands of similar intensity were found 
at 3477 and 3446 em! (in CCI,). 

In 2-nitroaniline, as in other aromatic amines, conjugation of the nitrogen atom 
with the aromatic nucleus would result in some double-bond character of, and 
consequently inhibition of rotation about, the C—N bond. With an NHD group 
such as in 2-nitroaniline N-d,, cis-trans isomerism could occur and the two N—H 


stretching bands would then arise from the two non-equivalent configurations (IV) 
and (V). The difference in N—H stretching frequencies (31 cm") can thus be 
attributed to hydrogen bonding in the cis-isomer (IV). This interpretation is 


supported by the N—H stretching frequencies of the monodeuterated compounds 


11) H. O. Cyapurn and L. Hunter, J. Chem 37 
12! A. M. Buswety, J. R. Downine and W. H. Rovesuss, J. Am. Chem. Soc. 61, 3252 (1939). 
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Table 3. N-—-H stretching frequencies in carbon tetrachloride 


Compound 


NHD 


Vos 


Aniline* 3430 

4-Nitroaniline* 3508 3458 3413 
2-Nitroaniline 3518 3477 3446 3397 
Ethy1-4-aminobenzoate 3497 3453 3407 
Methvlanthranilate 3504 3478 3412 3377 
8-Amino-2-methy lquinoline 3493 3464 3425 3386 
1-Aminoanthraguinone 3501 3483 3357 3330 


* Reported by CaLirano and Moccta {13}. 


approximately twice that in methylanthranilate. This is supported by the depres- 
sion of the carbonyl stretching frequency in l-aminoanthraquinone (29 em~! CCI,) 
[9] which is also approximately twice the depression in methylanthranilate as 
compared with 4-ethoxycarbonylaniline (ethyl-4-aminobenzoate) (14 em~!, CCI,) [9]. 

Cistrans isomerism of the NHD group in 2-nitroaniline N-d, and related 
compounds is closely analogous to the classical case of intramolecular hydrogen 
bonding in o-chlorophenol first suggested by PAULING [14]. It differs however in 
that the proportion of cis- and trans-isomers is largely independent of the strength 
of the hydrogen bond. This would suggest that the strengths of the hydrogen bond 
and the deuterium bond are the same. 

As it is probable that the entropy changes between the cis and trans forms is 
not significant [15], and that the hydrogen and deuterium bonds are of similar 
strength, the two isomers should be of similar thermodynamic stability. This is 
supported by the present study as the relative intensity of the two bands for 
2-nitroaniline N-d, were found to be independent of temperature over the range 
15 to 70°C in carbon tetrachloride. 

It is significant that the free N—H stretching frequency of 2-nitroaniline 
N-d, (3477 em“) is higher than in 4-nitroaniline N-d, (3458 em~'). Similarly the 
free N—H stretching frequency in methyl anthranilate N-d, (3476 cm~) is higher 


than in ethyl-4-aminobenzoate N-d, (3453 em~'). This may be associated with an 


14) L. Pavumne, J. Am. Chem. Soc. 58, 94 (1936) 
15) H. H. Jarre, J. Am. Chem. Soc. 79, 2373 (1957). 
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l-aminoanthraquinone, 8-amino-2-methylquinoline and 2-methoxycarbonylaniline 
(methylanthranilate). In each case two N—H stretching bands of similar intensity 
are observed (Table 3) and the separation of the bands (126, 39 and 66 em", 
respectively) reflects the difference in strength of hydrogen bonding in each 
compound. Thus the intramolecular hydrogen bond in 1-aminoanthraquinone is 
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increase in delocalization of electrons away from the amino group nitrogen atom 
as a result of deuterium bonding over and above normal mesomeric effects. This 
continues the effect already apparent with electronic shifts by electron-attracting 
substituents in the para-position. 

DyaLt and HAMBLY consider that “ the effect of hydrogen bonding between a 
primary amino and an ortho-nitro group would be to weaken one of the N—H 
bonds, so that the interaction between the symmetric (v,) and asymmetric (¥,.) 
motions would be reduced. This would result in the higher (»,,) frequency moving 
towards the mean value (~3450 cm~') while the lower (¥.) frequency would show 
a much larger shift to lower frequencies.” Although this would be the overall 
change for a very strong hydrogen bond, it is apparent that other effects are 


important. The delocalization of electrons suggested for 2-nitroaniline N-d,, 


would be similar in 2-nitroaniline. This would result in raising both », and y,.. 
but a lowering of », and a smaller lowering of v,, by the effects considered by 
Dyatt and Hamsiy. The observed frequencies will then depend on the relative 
magnitudes of all these effects. The higher asymmetric NH, stretching frequency 
in 2-nitroaniline (3518 cm~') than in 4-nitroaniline (3508 em~') but lower symmetric 
stretching frequency (3397 and 3413.¢m~!, respectively) suggests that all the 
effects are important. The shifts in »,, and », of methylanthranilate compared 
with ethyl-4-aminobenzoate (Table 3) and the frequencies observed [9] for ortho- 
and para-aminoacetophenones are also consistent with this interpretation. 

The depression of v, for intramolecularly bonded primary amines calculated 
from the relationship = 345-5 + 0-876 derived by BeLttamy and 
[16] does not indicate the same order of strengths of the hydrogen bond as found 
by the difference between cis and trans N—H stretching frequencies of the NHD 
group. It is possible that other factors may be involved in departures from the 
relationship derived by BeLLamy and WiLtiams. For example, the observed NH, 
stretching frequencies of 9-anthrylamine [17] deviate from this relationship 
probably as a result of steric compression by the adjacent peri-hydrogen atoms. 

Additional evidence for cis-trans isomerism of the NHD group in intramole- 
cularly hydrogen-bonded amines is shown by the occurrence of two N—D stretching 
bands in 2-nitroaniline N-d, [10] but only one N—D stretching band in aniline 
N-d, and 4-nitroaniline N-d, [13]. A similar explanation to that for the N—H 
stretching band would account for the number and position of the N—D stretching 
bands. The N—D stretching bands of a number of deuterated amines are at 
present being examined to see how far the results are consistent with a similar 
explanation. 

The detection of hydrogen bonding in 2-nitroaniline and related compounds 
by measurement of the band(s) in the N—H stretching region arising from the 
NHD group should be useful in ascertaining the presence of non-equivalent N—H 
bonds in other compounds containing the NH, group. 
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Abstract—A discussion of the reasons for the work is given together with details of the 100 em ( 

focus ({/7 aperture) plane grating spectrometer built for the investigation of this region. Among 

ised were a vacuum furnace, a positive column discharge and microwave ex« ited 

re most useful. A method to reduce continuous background (by pulsing the 

tron which supplies the microwave power) is noted The probl m of accurate wavelength ; 
region is also considered and the use of overlapping orders of visible light 

i. A list of the wavelengths and intensities for plutonium lines emitted from a q 

xcited discharge is included 

1. Introduction 


lwe study of the optical atomic spectra of atoms particularly in the region where 
photographic methods are available 


savy 2000-8000 A) has given their electron o— 

configurations and other useful information such as accurate values for their 16 
ionization potentials. The lanthanide (La—Lu) and actinide (Ac—Cm) series give 


very complex optical spectra in which thousands of lines are recorded for each 
element. The reason for 


this complexity is the large number of levels with high 
multiplicity given by the electron configurations in these series 


The process of finding energy levels and hence electron configurations from the : 


spectra becomes increasingly difficult with large numbers of lines [1]. One experi- 2 
mental approach is to increase the accuracy of measurement so that the tolerance ' 
in the frequency of the line is less. This means that at 5000 A (20,000 em-') the 


wavelength should be measured to 0-002 A in order to give the frequency to 
com 


This wavelength accuracy is approaching the limit which even modern 
gratings in large installations (say 10 m) can give. Small changes of atmospheric 
temperature and pressure become extremely 


important and the question of 
vccurate wavelength standards is vital 


With attention to all these factors 
laboratories Argonne National Laboratory 
ichieving this yure 


some 
Lemont, Illinois) seem to be 
4 It can of course be reached by interferometric means but 
the measurement of thousands of lines by such methods is very difficult. Since Av 
the error in frequency (v) is related to the error AZ in wavelength (4) by the relation 
Ai Aj/22 it is advantageous to work at long wavelengths for increased accuracy 
in frequency 

The high number of levels in the actinide series means that they must be closer 
together and it is likely therefore that the transitions between them will occur at 


* Now at Northern Polytechnic, Holloway, London, N. 7 


L. Bovey and C, W. Norr, UKAEA 


Research Group), AERE Report C/R 1334 (1954). 
2) F. TomxKins. Personal 


communication 1957 
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longer wavelengths. In lutetium, two important low-lying levels give rise to 
resonance lines in the 1—2 yu region. 

It therefore seemed advantageous from a theoretical view point to attempt to 
study line spectra particularly for neutral atoms above 8000 A (0-8 u), although 
this region has been a difficult one to study experimentally, primarily because the 
lines are weaker than in the visible region. Photographic plates become very 


insensitive above 8000 A and cannot be used at all above 12,000 A. Improvements 


in detectors, gratings and emission sources over the last 10 years have, however, 
decreased the practical problems and enabled this preliminary study to be made. 

Most early work in the infra-red region was carried out with gratings on atomic 
spectra and it was not until the study of HC] showed a rotational structure that the 
molecular aspect was emphasized (see survey by Humenreys [3]). Since 1950 
some studies have been made by several workers |3—5] in the United States on the 
infra-red spectra of lighter elements in the Periodic Table. The emission spectra 
from the sun have been studied by Monier ef al. [6] Most of their identifications 
are based on energy levels derived from visible spectra, and confirmation of their 
assignments by laboratory data would be very desirable. 

Thermal sensitive devices such as thermocouples have been extensively used in 
infra-red molecular work, but these have a slow response. In the region from about 
0-8 to 6 « fast semi-conductor devices have become available. The most important 
of these is the PbS cell which when cooled to —40°C or less can detect radiation 
over the range 0-4 to 3-5 4. All the work on emission spectra in this paper has used 
this type of detector. 


2. Apparatus 
(a) Sources 

Lines in the region under investigation are weak and, since no photographic 
integration techniques are available, a high-intensity source is essential. The 
other main requirements are stability, long life and safety as far as use of radio- 
active materials is concerned. The lines emitted should also be as narrow as 
possible so that hyperfine structure or isotope shifts can be detected. 

A King furnace was used for a short while and gave the lutetium resonance 
lines [7] but failed to give high intensity, and radioactive or poisonous materials 
cannot be handled in its simple form. Recent work by BaLuik and Ramsey [8] 
with this type of source has shown its usefulness for molecular emission spectra 
Some trials with the hollow-cathode type of discharge were not successful in 
producing the required type of source. 

Some use has been made of a positive column discharge in a PEARSE—Gay pon 
[9] type tube. Some silicon lines were detected but further investigation into 


C.J. Humenreys, Kgl. Fysiograf Sallskap. Handl. 65, 55 (1954) 

E. K. L. R. and E. D, J. Research Nat. Bur. Standa 55, 279 (19 
Russevt A. Fisner and F. E. Esusacu, Report under Contract Nobsr 52066 (1773) Index \: 
NE-020730. Northwestern University, U.S.A. (1955); Russece A. Fisner, Astrophys. J. 136, 683 
(1959): J Opt. Sor tm. 49, 1100 (1959). 

©. C. Monier, A. K. Prerce, R. R. McMaru and L. Gotprere. Astrophys. J. 117, 41 (1953 
L. Bovey, E. B. M. Steers and H. 8. Wise. Proc. Phys. Soc. (London) A69, 783 (1956). 

E. A. Batik and D. A. Ramsay, J. Chem. Phys. 29, 1418 (1958). 

R. W. B. Pearse and A. G. Gayvoxr, Proc. Phys. Soc. (London) 50, 201 (1938 
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conditions necessary for steady operation over longer periods is required before 
the tube can be considered satisfactory for the recording of spectra. 

The most suitable source was found to be the type in which microwave excita- 
tion was used. This source, in which the halide of the rare earth or transuranic 
element was sealed in a quartz tube together with argon or neon at 2 or 3 tor, 
gave an intense spectrum when excited by a high-frequency field at 2425 Me/s. 
10.11] This microwave power was given by a magnetron set designed for 
medical therapy purposes. Plutonium, americium, neptunium, lutetium and 
uranium tubes have been examined under these conditions.* With the exception 
of the last (when the chloride was also used) the material was in the form of iodide, 
and auxiliary heating by a furnace was necessary to give sufficient vapour pressure 
of the halide. Originally Pu, Am and Np tubes were supplied by Dr. Frank 
Tomxkrys of the Argonne Laboratories, U.S.A., but, with the exception of Am and 
Np, the other tubes have been made in the Spectroscopy Group. 

The main problem arising with this type of source was the transfer of micro- 
wave energy into the tube. The radiators supplied with the original Deutsche 
Elektronik set proved to be very inefficient since they were designed for medical 
purposes. A tuneable type of radiator was made [12] but a device similar to that on 
the (American) Raytheon set, incorporating a terminal stub surrounded by a 
hemispherical bow! proved more simple to operate. At a later stage in the work a 
tuned cay ity director designed with the collaboration of the Deutsche Elektronik 
(:mbH was used to excite the plutonium tubes. No auxiliary heating was necessary 
in this case since the more efficient use of the microwave power also heats the tube. 
The cavity is more fully discussed in reference [13] and a photograph is given in 
Fig. | 

Although the microwave excited source was the most favourable found, the 
operation for long-term running has not been completely satisfactory. The dis- 
charge in tubes which have given 20-30 hr service may concentrate at the bottom 
of the tube or appear in the form of a fine filament. The reliability of operation is 
connected with the efficiency of the director, mode of preparation and the presence 


of impurities, such as sodium, which are preferentially excited. Thus, Pu® tubes 


which are prepared from extremely pure plutonium have given much more satis- 
factory performance than those containing Pu where as complete a purification 
is difficult since a much smaller quantity of isotopically separated material is 
available. In the early stages of the work, the excitation efficiency seemed to be 
improved if continuous rather than pulsed power was used. To meet the latter 
point, the Deutsche Elektronik magnetron units which, as supplied, give a 50 c/s 
pulsed output, have been modified so that a d.c. supply on the magnetron gives a 
continuous high-frequency output. 

An inherent disadvantage in working with a source which required heating to 


900°C is that a hot continuum is emitted which has a high intensity in the 1-3 4 


* It is hoped to report data from the other elements in later papers, 
Tomkins and M. Frep, J. Opt. Soc. Am. 47, 1087 (1957) 
H. Coruss, W. R. Bozman and F. O. Westratt, J. Opt. Soc. Am. 43, 398 (1953). 
Bovey, Spectrochim. Acta 10, 383 (1958). 
. Bovey and H. 8S. Wisk, UKAEA (Research Group), AERE Report R2976 (1959). 
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Fig. |. The cavity-type excitor, Power enters through the socket at the bottom and ts led 
by coaxial tubing to the cavity. The source tube can be seen through the small aperture. 


Some tuning is possible by alteration of the position of the screwed stub at the top 
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region. In many parts of this region where there is strong water-vapour absorption 
(e.g. 1-8 w) the atomic spectrum is lost in the absorption band system. If the 
exciting microwave radiation is modulated at 800 e/s (to which the detector 
amplifier responds) only the emitted atomic spectra are recorded. If the atomic 
line is emitted at a wavelength where there is atmospheric absorption, it could 
only be detected if the complete light path were evacuated, i.e. use of a vacuum 
spectrometer. In the present system the main advantage of pulse techniques is the 
elimination of a variable background. 


WHITE 
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Fig. 3. Schematic arrangement of apparatus, 


A 800 ¢/s supply (taken from a motor generator set) was used to modulate the 
voltage to the magnetron. The pulses were fed to the microwave tube and the 


reduction in the effect of background can be seen in Fig. 2. 
(b) Spectrometer 

Light from the source interrupted at 800 c/s by a rotating disk (which was 
omitted when the microwave power was pulsed at this frequency) and after 
undergoing reflexion at a series of mirrors (to facilitate quick source changes for 
wavelength calibration) entered the slit of a Czerny—Turner type spectrometer: 
(focal length 100 em, aperture f/7). The general arrangement can be seen sche- 
matically in Fig. 3 and as a photograph in Fig. 4. 

The slits are at the foci of the two concave spherical mirrors so that parallel 
light falls on the grating, is diffracted and focused on the exit slit. The slits have an 
adjustment mechanism for fine focus and rotation (to make slit parallel to lines on 
grating). Several designs have been adopted and built at Harwell but the final 
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conclusion reached has been that the manufacture of slit jaws should be carried 
out by optical firms specializing in this type of work. 

As pointed out by Fastie in a series of publications [14-16] the use of curved 
slits in the Fastie-Ebert mounting corrects for both astigmatism and wavelength 
errors when different parts of the slit are used. Both curved and straight slits of 
Hilger have been used in the present work. 

In our work, the emphasis has been on obtaining spectra rather than maximum 
resolution but the wavelength accuracy obtainable is related to the resolving 
power of the instrument. In tests in the visible region a figure of 90,000 for the 
resolving power was obtained but under actual running conditions a lower figure 
was inevitable. The three factors, resolving power, recording time and signal 
noise ratios, are not independent and in general for this work the resolving power 
was reduced in favour of the last two. 

Two mirrors 74 in. » 64 in. | in. thick are used and fine adjustment in the 
vertical and horizontal planes is required. In view of the weight of glass, the 
conventional spring construction was not used but a double gimbal mount proved 
very satisfactory. 

The grating holder stands on a platform and three screws allow motion in the 
plane of the lines (to adjust lines so that they are vertical and parallel to slit) and 
tilt. The platform is rotated by a long arm running on a lead screw which is 
coupled through a gear box to a synchronous motor. A simple clutch allowed the 
grating to be rotated rapidly by hand. The slowest angular velocity was 1/150 
degree per min and this could be increased by factors of 2, 4, 8, 16, 32 and 64, (the 


speeds normally used being underlined). At a grating speed of 4/150 degrees per 


min a spectrum range of | « took 5 hr. The drive and mount are similar to those 
used by Forp ef al. [17] in their high-resolution instrument. 

Several gratings have been used. The earlier work was carried out with NPL 
gratings (particularly P.642, blazed to favour the region 2-4—4 wv with 7500 lines/in. 
A Bausch & Lomb grating (No. 33/53/17/77, blazed to favour the 1-2—2-2 « region 
with 7500 lines/in.) has been used for most of the work, since in addition to its 
favourable blaze there is a region of high reflectivity on the other side of the normal 
at 4-6 u 

In the original design of the pre-focus optics the use of a fore-prism to separate 
orders was considered. In order to decrease the complexity of the mirror arrange- 
ments it was decided to use filters. These were Chance OX2, Si, Ge, KC! (F centre) 
and occasionally absorption cells of D,O or H,O. 

Filtered runs together with runs where only first-order spectra can be given 
have proved generally satisfactory in deciding the order of a line. The added 
running time for the separate filter traces has not proved a major disadvantage. 
The Si and Ge filters with a relatively sharp cut-on are preferable in general to the 
slowly rising ““F-centre’ KC] type; in the latter case a strong line may be detected 
although partially absorbed and therefore give ambiguity in its order. 


(14) W. G. Fastin, J. Opt. Soc. Am. 42, 641 (1952). 
15| W. G. Fastie, J. Opt. Soc. Am. 42, 647 (1952). 
16) W. G. Fastie, J. Opt. Soc. Am. 48, 1174 (1953). 
17} M. A. Forp, W. C. Price and G. R. Wicktnson, J. Sci. Instr. 35, 55 (1958). 
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Fig. 4. General view of apparatus. The microwave source is in the box in the foreground. 
The microwave power is fed from the oscillator below the table. On the left is a second 
oscillator feeding power to a cavity excitor in which is a neon tube to give standard wave 


lengths. Several of the mirrors are shown and the spectrometer is in the right-hand 
background. 
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The optical spectra of plutonium in the 1-2-5 4 region 

The infra-red light is detected by a lead sulphide cell used in a vertical position 
so that it could be cooled with a mixture of solid carbon dioxide and acetone. An 
“Ektron” cell (of the chemically deposited type) when cooled, the type of mount 
shown in Fig. 5, has given a higher overall sensitivity than the Mullard cell (evapor- 
ated layer) at room temperature. The smaller area and ease of cooling of 
the Ektron compensates for the lower intrinsic sensitivity, but improvement in 
detector efficiency would considerably help the work. A conventional RRE 
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Fig 5. The mounting used to cool the PbS “Ektron”’ cell. 


design 800 c/s amplifier built by Applied Electronics, New Malden, was used and 
the output fed to a recorder. This was a Honeywell—Brown type with a response 
time of 1} sec. After August 1958, an Integra, Leeds & Northrup, two-pen recorder 
with a similar response time was used. The fringes (see below) from visible light 
were detected by an EMI photomultiplier with a Harwell type d.c. amplifier. 


3. Wavelength determination 


Once the presence of lines with sufficient intensity has been established the 
emphasis of the problem changes to that of wavelength measurement. Our 
original method was to measure the positions on the charts of unknown lines 
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relative to those whose wavelength was known and by linear interpolation find 


the unknown wavelength. There are two main defects in this system. These are 


(i) The number of standard wavelengths in this region is not sufficient so that 
the correction curves are inaccurate Although overlapping lines from 
other regions can be used it is difficult to insert these unambiguously on the 


record 


Any change in the uniformity of the grating or recorder drive makes the 


polation invalid. One difficulty found in the operation of the spec- 


trometer was the maintenance of a uniform drive when slow angular 


velocities were reé quired 


\ second method has therefore been adopted Is, 4 On another part of the 
entrance slit is focused white light (from a filament lamp) which has passed 
through a pair of Fabry-Perot interferometer plates. The latter can be considered 
as pass band filter for fre quencies given hy f m/2nd, where m is an integer. nv is 
the refractive index of air and d is the air film thickness. A series of maxima and 
minima light fringes are therefore formed as erating is rotated and the fre quency 
range ol m the rm vaned fringes are detected a photo 
multipli amplification shown on a recorder 

Originally two recorders were used but slight differences in recorder speed and 
the inconvenience of dealing with two charts of lengths upto 40 ft made a change 
to a two-pen recorder (in which both pens re orded on the same paper) necessary 
An electronic method for counting the fringes did not prove successful because of 
their variable shape and variation in intensity with wavelength. A typical pattern 
of infra-red wavelengths together with the calibration fringes is shown in Fig. 6 

Since white light and a high order of the grating is used. several over! ipping 


sets of fringes are possible. Thus with the grating set to diffract light at 5000 em~! 


fringes arise from light at 5000, 10.000, 15.000, 20.000 em-'. ete.. the detection 
limits being set by such factors as the wavelength sensitivities of the detector and 
the inte nsity of the fringe patterns in the various orders. Since the overlap of these 
orders would affect the accuracy of measurement, filters are used to limit the region 
transmitted by the Fabry-Perot etalon. Suitable combinations of Chance and 
Corning filters were used 

It is necessary to place standard lines on the fringe record so that the relative 
count can be turned into an absolute determination of wavelength. Theoretically 
only two are required, one at each end of the trace, but it was found preferable to 
use several distributed through the region: these serve as checks in the wavelength 
measurements. Standards are usually added at positions where there are no lines 
from the infra-red source. The iodine [5, 19] and chlorine [20] wavelength measure- 
ments in this region are also useful as internal checks when the tubes are operated 
in such a way that some halide lines are present 

The main convenient source of standards is from the spectra of the rare gases, 


Dowel D. I. Chem. Phys. 21, 448 (1953 
Kinss. Perso: i ron (1958); C.C. and C. H. Corntiss, J. Research Nat. Bur 
\ 63, | 
J. Humpureys Naval Ordnance Laboratory Report, Navord 5920 (NOLC 411) (1958); 
J. Homrureys and E. Pau, Jr. J., Opt. Soc. Am. 49, 1180 (1959 
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The optical spectra of plutonium in the |-2-5 4 region 
the lines being chosen either from the infra-red or the photographic region. The 
former are usually few and weak but some have now been measured interfero- 
metrically |21]. Many of the latter have also been measured interferometrically | 22] 
but the use of a line (at, say, 5000 A) in a higher order (say, 30,000 A) means that 
any variation in the wavelength caused by temperature, or pressure (with its effect 
onair density),is becoming important. 


4. Results 


A fast survey run was first taken (scan about 500 A/min, chart 


3 in/min.) 
without fringes, followed where necessary by further runs at the same speed, with 
different filter combinations. A scan was then taken at a quarter of this speed 
with fringes and standard neon lines at several positions. Where only a few lines 
were present, this was used for the actual fringe count, and further runs were 
then taken at a slower speed in the region of the actual lines, so that the fringe 
fraction could be more accurately measured. When many lines were present, it was 
found more convenient to repeat the complete run at a slower speed. 

The fringe spacing on the chart is constant in wavenumber but varied from 
one end of the run to the other, since the grating gave an approximately uniform 
wavelength dispersion. The position of line was always determined relative to the 
fringe spacing in its vicinity. The wavenumber difference represented by the 
separation of the pens changed slightly during a long run, introducing a slight 
error but this has so far been negligible. The fringe spacing in wavenumbers 
varies very slightly during a run owing to the change in refractive index with wave- 
length of the air between the Fabry—Perot plates, but the error due to this is less 
than one part in 10°, and may be completely neglected for the short runs which 
were found most convenient in practice. 

The shape and quality of the fringes also depended on the wavelength region 
used, and so the accuracy of measurement of these was not constant. An accuracy 
of 1/20 fringe was obtained under favourable conditions. In high orders, a measure- 
ment of neon lines known interferometrically showed an accuracy of about 2 parts 
in 10°, The Pu spectrum has not yet been measured to this degree of accuracy, but 
in favourable cases (e.g. strong line, no background interference and sharp fringes) 
an accuracy of +0-02 em~! was reached. 

Intensity measurement 

The heights of the lines above the average background level were taken as a 
measure of the intensity. A correction for the amplifier setting was made to this 
figure. 

In view of the most pronounced effect of the first-order blaze, the intensities 
quoted are those observed for high-order spectra taken with the Bausch & Lomb 
grating, where the efficiency varied little with angle. The small residual correction 
could have been made by calibration with a neon spectrum with lines of known 


intensity, but this was not considered necessary at this stage. The relative 
intensity of the lines varied with the conditions of operation (e.g. power input and 


(21) C. J. Homenrey and E, Pauw, Jr., U.S. Naval Ordnance Laboratory Report, Navord 4636 (NOLC 
390) (1958). 
22) W. R. Meccers and C, J. Humpnreys, J. Re search Nat. Bur. Standards 18, 293 (1934). 
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temperature), and it is hoped to make a more detailed study of these effects later. 


No correction has been applied for variation of sensitivity of the PbS detector 
with wavenumber; the figures are therefore an indication of relative values for 
adjacent lines. To avoid the impression of accuracy whilst retaining figures 
representative of the intensity a limited number of values have been adopted 
viz. 2, 5, 8, 10, 15, 25, 40, 80, 120 and 160). 


Data sum mary and pres nlation 

Certain calculations were necessary after the experimental wavenumbers were 
produced. The spectrum was recorded completely in the first order of the grating. 
More accurate measurements were then taken in higher orders, and it was necessary 
to relate this spectrum (with many overlapping orders) to the first-order spectrum: 
this involved multiplication of 2, 3, ete. The reciprocal is required to give the 
wavelength in air from which the vacuum wavenumber can be derived by the 
EDLEN formula [23]. The need, to do these calculations, summarize all the 
collected data and prepare lists, pointed to the use of cards and automatic sorting 
techniques. 

The data were therefore collected and coded according to quality and origin, 
and punched on ecards. The wavenumbers were multiplied by the factors 2-6 
(with certain limits set by the experimental conditions), the air wavelengths and 
vacuum wavenumber calculated and the values (together with the coded infor- 
mation) printed out. A typical page is shown in Fig. 7. The entries relating to a 
particular line were thus grouped together and could be picked out on examination. 

Table 1 shows the wavenumber and wavelength in air, the grading for accuracy, 
the intensity and the wavenumber in vacuo calculated from the EpLEen formula. 
Wavenumbers are only quoted where at least two recordings of the line have been 
made and (unlike the figures in the preliminary report [24]) in many cases represent 
a summary of three separate runs. It is hoped at a later stage to alter systemati- 
cally the conditions for excitation in the tube. In this way, the lines from the 
neutral atom and higher states of ionization may be distinguished. General 
experiences with the microwave excited tubes leads to the conclusion that the 
majority of lines arise from Pul. Such studies will also help in the elimination 
of impurity lines although as far as possible lines of doubtful origin have been 
excluded 

It is perhaps useful to recall that although the first optical spectra in the 
visible region were recorded in the years 1945-1950 (ef. Frep and TomKrys [25]) 
sccurate wavelength values for use in the determination of electronic configurations 
have in most cases still to be measured partly because new instruments and 
techniques were required for this purpose [26]. The recent work of RANK and co- 
workers [27, 28] in the 1-4 w region has shown that it is possible under favourable 


J Opt. lon 43, 339 (1953). 
N. Attervon and E. B. M. Steers, UKAEA (Research Group), AERE Report R 2977 


S. Tomkins and M. Frep, J. Opt. Soc. Am. 39, 357 (1949). 
M. Frep and F. 8. Tomkins, J. Opt. Soc. Am. 47, 1076 (1957). 
D. H. Rank, J. Opt. Soc. Am. 50, 657 (1960). 
D. H. Rank, D. P, Eastman and T. A. Wicerns, J. Mol. Spectrosc. 4, 518 (1960) 
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The optical spectra of plutonium in the 1-2-5 4 region 


Table 1. A list of plutonium (Pu**) lines emitted by an electrodeless discharge tube in the 


1-2-5 region 


Wavenumber Wavelength Wavenumber 
Cirade in aw in air nm vacuo Intensity Comments 


(cm 1) (A) (em™~!) 


4005-77 24,964-0 4004-68 25 
A 4109-94 24,331-°5 4108-82 40 
B 4575-47 21,855-7 4574-35 5 
B 4730-74 21,138-3 4729-46 10 
3 4733-42 21,126-4 4732-14 80 
4753-74 21,036-1 4752-46 25 
B 4756-10 21,025-6 4754-82 25 
B 4792-66 20,865-2 4791-37 5 
B 4795-54 20,852-7 4794-25 10 
C 4819-60 20,748-6 4818-30 5 
C 4841-10 20,656°5 4839-79 5 
B 4897-89 20,4169 4896-57 
3 4908-08 20,374-6 4906-75 5 
4932-58 20,273°4 4931-23 5 
A 4965-00 20,141-0 4963-65 40 
A 4977-50 20,090-4 4976-14 
B 5OLG-75 19.933-2 5O1LS-38 5 
A 5025-13 19,900-0 5023-76 40 
B 5028-37 19, 887-2 5027-00 5 
A 5054-20 19,785°5 5052-82 10 
B 5076-39 19,.699-0 5075-01 10 0.0. 
A 5099-02 19,611-6 5097-63 25 
A 5107-90 19,577°5 5106-51 25 
B 5140-17 19,454-6 5138-77 10 
A 5145-84 19,433-2 5144-44 10 
A 5250-91 19,044°3 5249-48 40 
\ 5286-95 18,914°5 5285-51 10 
\ 5294-11 18.888-9 5292-67 15 
5296-45 IS.880-6 5295-00 2 
B 5391-18 18,548-8 5389-71 5 
B 5396-48 18,530-6 5395-01 5 
B 5510-88 18,145-9 5509-38 5 
A 5518-96 18,119-4 5517-45 10 
B 5525-96 18,096-4 5524-46 5 
A 5547-33 18,026°7 5545-82 10 
B 5550-79 IS.015°5 5549-28 10 
c 5600-13 17,.856-7 5598-60 2 
A 5652-66 17,.690-8 5651-12 25 
B 5676-65 17,616-0 5675-10 5 
\ 5732-32 17,444-9 5730-76 15 
A 5740-01 17,421-6 5738-44 25 
A 5744-03 17,409-4 5742-46 10 
\ 5779-13 17,.303-6 5777-55 15 
\ 5791-39 17,267-0 5789-81 25 
5827-69 17,159-5 5826-10 5 
5901-52 16,944-8 5899-91 5 


Grade system: A + 0-02 B C +0-lem-'!; D 


Comments: w wide line; 0.0. overlapping order. 
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Table (contd.) 


Wavenumber Wavelength Wavenumber 


in air in air in vacuo Intensity Comments 


(em!) (A) mo! 


16.807-: 5916-52 
16.7: 
JUSS: 16.713-: 


5993-2 16, 5991 

HOLS SS 16,622 6014-19 
HOS1L-5Y 16.57 6029-94 
6044-84 16.54: 6043-19 
HOSS-83 16.5 6057-18 


HOGL-62 16.44 H059-97 
6015-43 16.459-7 6073-78 
GOTS-0O7 16,.452-6 6076-42 
6085-27 16.43: 6083-61 
6189-76 16,155-7 6188-08 
6199-68 16, 120-4 6197-99 
6219-79 16.07 6218-09 
§228-59 16.055 6226 
16,016-4 6241 
6312-5 
6317-5! 
6361 
6369-10 5.7 


6375-49 5,085 6373 


O35 17 
6396 
6422-72 5.5697 6421 


6429-22 6427 


6458-00 6436 
6451-52 5.5 2 6449-7 
H461-88 6460-1: \ 
6483-70 6481 
6494-84 5.396 6493 
6503-12 5.377:: 
H507-33 5.3675 6505-5 
6542-75 5.3 6540 
6564-00 5,.232°: 
H566-16 5.229-6 §564-37 
H587-06 HOS6 
HOLO-45 
6614-45 
6672-97 985 6671 
6675-44 6673 
6681-72 66-2 6679-90 
HOS6-OS 56-5 H684-26 
6689-17 
6709-32 204-6 6707-49 
6748-17 SIS 6746-33 


6768-52 774: 6766-68 


cm 
4 4 
B 
Ls 

A 10 
A SO 
B 10 
10 
\ 40 

B 10 
10 
] 
B 15 0.0. 10 
( 2 
( 13 5 
D oo 10 0.0. 
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The optical spectra of plutonium in the 1-2-5 mu region 


Table 1—(contd.) 


Wavenumber Wavelength Wavenumber 
(irade in air in air in vacuo Intensity Comments 
(em!) (A) (em™!) 


6774-31 14, 761-7 6772-47 
6781-54 14,7459 6779-6 
6791-53 14,724-2 6789-68 
6805-52 14,694-0 6803-6 
6813-58 14,676°6 6811 
6820-20 14,.662°: 6818-: 
6826-34 649-2 6824 
6835-74 629- 6833 
6858-22 6856-3: 
6884-88 24-6 6883 
6899-24 494 6897-36 
6931-26 427°: 6929-38 
6967-17 6965-2 
6973 6971- 
TORT 108 7TOS6 
7128 028 7126-3: 
7150 7148 
3.939-°8 7171 
7201-9) 
3,714: 7289 
3.629°: 7335 
3.592- 7355- 
$,523°% 7392 
3,447°: 7434-2 
3,443 7456-5 
3.399-: 7461 
3.389: 7466 
3.378: 7472 
3.339 7494-56 
3.324-6 7502-85 
7513-19 
37 3.269 7534-32 
2-88 3,257: 7540-83 
7-24 3,249-{ 7545-18 
56-03 3,234: 7553-97 
5-48 3200-5 7573-42 
16 3,194: 7577-09 
7582-94 3, 187° 7580-87 
7595-48 3,165-7 7593-41 
7605-20 3, 148-4 7603-13 
T616-06 3. 130-: 7613-98 
7662-62 3,050 7660-53 
7674-09 3.030-4 7672-00 
7683-90 3.014: 
7701-16 2.985: 7699-06 
7726-72 2,942: 7724-61 
7743-35 2.914-: 7741-24 
7748-18 2 906°: 7746-07 


rrr 


— 
~ 


A 
A 
A 


= 
15 
4 LO 
4 10 
( 2 
( 
B 10 
B 8 
15 
B 5 
B 
B 10 
B 50 
10 
10 
25 
10 
40 
10 
16 40 
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A 15 
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Table l (contd } 


Wavenumber Wavelength Wavenumbe 


Grade in air in air in vacuo 


(em™') (A) (em!) 


7753-36 12. 897-6 7751-25 
7757-85 12. 890-2 7755-73 
7776-84 12,858-7 7774-7 
T7S1L-16 2851-6 7779 
7806-72 
7811-42 2.801 
TS19-06 2.789-: 7816-93 
7822-72 7820-59 
7826-46 7824-33 
7835-53 2.76: 7833-39 
7865-44 2.713- 7863-2 
7S71-16 27 7869-01 
TSSO-30 2,689-4 
2 O85 TSSO-O5 
7TRS6-2: 2.6 7884-08 
7963-7 2 556-4 7061-60 
7973 2.542:: 7970-82 
7976 2 536°) 7974-51 
7982-24 2,53 7980-12 
7985-24 2.52: 7983-06 
SOLS-16 >. SOLO-O8 
SOSL-O3 2451-7 
8050-11 8047-91 
8054-49 2.41: 8052-30 
SO66-10 3 j SO063-90 
SO77-07 2,3 SO74-S7 
2.3 SO7S-97 
SOUS-ON 8006-77 
S112-55 2.326-6 S110-34 
8160-91 2.253-! 8158-69 
S161-69 2.255 8159-46 
8175-79 2,231-% 8173-56 
8194-34 2203-6 8192-11 
8202-63 2.1915: S200-39 
203-81 S2OL-S7T 
8234-23 8231-99 
8245-16 2,128-3 8242-91 
8254-09 2,115-3 S251-84 
8256-03 2,113 S253-78 
8273-49 2, j 
8285-40 2 8283-14 
8307-03 2.0: 8304-77 
8336-42 995-6 8334-15 
8357-03 965-4 8354-75 
264-2 8355-08 
8365-04 954+! 8362-76 
8371-58 11,945 8369-45 
8410-44 11.890 8408-14 


Int 


“‘nsity 


Comments 


A 
B on 
26 
B 10 
0.0. ‘ 
B 
A 8 
B 10 
‘ 
( 10 
\ ’ 
B 10 : 
B 
10 3 
\ 25 
B 40 ] 
B 10 1c 
B 40 
| 40 
d 40 is 
4 25 
40 
80 
25 
B 8 
A 10 
120 
B » | 
B 5 
5 
B 
8 
25 
46 
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The optical spectra of plutonium in the 1-2-5 4 region 


Table 1—(contd.) 


Wavenumber Wavelength Wavenumber 
Grade in air mn air in vacuo Intensity Comments 


(em!) (A) 


8414-88 883-7 8412-58 
8421-12 3874-9 8418-82 
8436-60 853-1 8434-30 
8485-53 ,784 8483-22 
8506-21 756 8503-89 
8534-18 ,717-6 8531-86 
8539-5 710% 8537-17 
8548 697" 

8563 677 

8580 654-4 

S5S1°5 652 8579-2 
8630 586° 8628-5 
559 
.553- ROSS : 
8671 S669-: 
S678 8676-2 
518-6 8679-2: 
510: 8685-7 
8707-5! 484°: S705 
S711-3: 479°: 8709 
8728 457°: 8725 
8732: 451° 8730-: 
S758 417°! 8756 
8769-05 .403- 8766-66 
8703 S79OL-00 
51 
SS17-2 o41-i S814 
S840 S837 
8846-62 
288 8856-5 


B 
B 


« 


236 
8030-4) 197-6 
8951-7! S949 
89068 8965-95 
8975-5 ,141- 8973 
,114 8994-5! 
9010 097-6 9008-48 
9115-8 10,970: 9113-32 
9132-26 10,950-: 9129-77 
9140-2 10,940 9137-71 
9220-2 10,845-6 9217-78 
9237 10,825-$ 9234-61 
9255-78 10.804 9253-27 
9260-7 10,7982 9258-26 
9282- 10,773°3 9279-64 
9309-5 10.741-6 9306-98 


B 10 
A 5 
‘ A 5 
| 5 
| 5 
| 
Bb 
B 
B 
B 
10 
B 
8 
10 
“16. 15 
1060 
0 0.0. 
0 
10 
10 
| 25 
} 
63 
| 
ae “4 
80 
A 
10 
A 
A 
A 
\ 25 
\ 25 
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Table l (contd.) 


Wavenumbet Wavelength Wavenumber 


Grad in ai in air im vacuo Intensity Comments 


10.7 
10, 
Y360-07 10), 
378-67 10 
10 
9402-2 10,635 
9426 10, 
9437 10,2 
44540 10. 
4458-00 
9406 10.53 9493-42 
9529-3 ( 9526-79 
9546 9543-40 
10. 
10,4: 9577-06 
LO. 370-4 
VOTH 1: 10, 7 
10: 
10. 9736 
10.231- 
10 
OTSS-8: 10. 
10, 120-4 
y 
1a. ( 
9023-32 
9053-5 10.046-7 HO50-7 
961-7 10.038 
GUTH-SS 
10,078-67 9921-4 1,07 
10.086. 9914-2 1083-7 
07 
110 
LO, 121-55 
LO, 251-28 9754-6 .248 
10,265 
1LO.310-2: OF 
10.364 62 
10,436-05 Y5S2-2 433°: 
10,464-56 G556 461 
10,489-65 486 
10,507-5: 9517 04 
10,544 541 
10.586-16 9446°: 1.583 
10,604-70 9429- 1,601 
10,640-04 9398 1,637 
10,940-17 9140-6 .937- 


\ 15 tes 
10) 

: 
\ 10 

4 
40 
B 10 
1S 
\ 10 
\ 10 

A 25 
40) 
\ 40) 

\ 25 ae 
B V 
B 25 ] 
A 10 19 

5 

15 
\ 40 : 

1S 

8 
15 
B 
5 a: 
10 
0.0. 
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The optical spectra of plutonium in the 1-2-5 # region 


conditions (e.g. signal-to-noise ratio) to set on emission or absorption lines to at 
least 0-001 em~!. Such accuracy would eliminate many of the difficulties found in 
the analysis of complex spectra. 
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Use of controlled atmospheres to minimize matrix effects in the 
spectrographic analysis of tool steels 


R. F. Maskowski and T. P. ScHREIBER 


Research Laboratories, General Motors Corporation, Warren, Michigan 
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Abstract Sample excitation conditions which produce a black burn have been compared with 
normal excitation and have been found to result in an appreciable reduction in matrix effects 
in the analysis of tool steels. These black burns are the result of the deposition of graphite 
from the counter-electrode upon the sample surface and were obtained with high-voltage spark 
excitation by introducing nitrogen or argon into the analytical gap. Black burns were also 
obtained in ambient air by employing a slightly oscillatory low-voltage condensed-are discharge 
with the sample as anode. 

\ less pronounced reduction in matrix effects was observed with violent-burn conditions. 
Violent burns were obtained by introducing oxygen into the analytical gap and employing a 
potent spark discharge. 

Introduction 

IN QUANTITATIVE spectrochemical analysis, matrix effects appear as changes in the 
analytical to internal standard line intensity ratios which are not due to corre- 
sponding changes in the relative concentrations in the sample. Matrix effects are 
related to the two steps, vaporization and excitation, necessary in the production 
of the spectrum. Any processes in either of these two steps which affect the 
components of different samples in a selective or nonuniform manner can cause a 
matrix effect. 

The vaporization of components from the sample can be selectively altered 
during spark excitation by oxidation reactions occurring at the sample surface | 1}. 
Many oxidation reactions are diffusion controlled and result in composition 
changes which can be a source of matrix effects. To minimize these oxidation 
effects it is experimentally possible (a) to employ non-oxidizing atmospheres | 2}, 
(b) to form a graphite deposit [3, 4] on the electrode surface, and (c) to introduce 
oxygen [2] into the gap to reduce the time necessary for diffusion-controlled 
reactions to reach a limited rate. 

This paper deals with the application of the experimental procedure mentioned 
above to the problem of the quantitative analyses of tool steels. Tool steels were 
chosen because they exhibit rather large matrix effects. 


Experimental procedures 
Table 1 lists some of the various source conditions investigated. This work was 
performed on two sets of equipment. For sources (1), (2) and (3), a Bausch and 
Lomb large Littrow Spectrograph and National Spectrographic Laboratories 
L. Jones. Proc. Phys. Soc. (London) 62, 366 (1949), 
T. P. Scurerper and R. F. Maskowsk1, Spectrochim. Acta 15, 991 (1959). 


BarTe. and A, GoLpBLatt, Spectrochim, Acta 9, 227 (1957). 
T. P. Scurerper and R, F. Maskowsk1, Spectrochim. Acta 15, 508 (1959). 
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Spec Power Source were used. For sources (4) and (5), an Applied Research 
Laboratories, Industrial Research Quantometer and Multisource were employed. 
The atmospheres listed in Table 1 were blown into the analytical gap through a 
12 em long, 5-5 mm inside diameter glass tube situated between the source and the 
slit with the exit end | cm from the analytical gap. The tube was oriented with its 
axis 45° from the optical axis and 20° from the horizontal axis. In this position, 
the gas stream impinged upon the sample surface and enveloped the tip of the 


Table 1. Source conditions 


Dis- 
Source |Expo 
Atmos- L V I* charges Gap Pr exp Fe II] I,.§ 
con- Burn : spark sure av 

; phere (uF) (wH) (kV) (A) per (mm) Fe I (A) 

dition (sec) (sec) 

cycle 
(1) Air Normal 0-01 32 1! 10 S 2 60 30 1-52 0-32 1-05 
(2) Violent 0-01 32 10 8 2 30 30-136 + 0-264 1-05 
(3) N, Black 11 10 30 30 0-94 + 0-294 0-58 
(4) Ar Black 0-007 50 22 10 4 2 30 20 1-904 0-80 
(5)** Air Black 10-5 46 0-04 3 30 20 «0-104 


* Radio-frequency current. 
* Maximum variation in the iron spark to are ratio for twenty-three miscellaneous tool-steel samples. 
t Values taken for single tool-steel sample. 
2-097 
Vy (C/L)’ 
amping resistance 1-7 02, sample anode. 
++ These variations from condition (1) were found necessary to obtain a satisfactory black burn. 
Note: For all five source conditions a conically shaped 120° included angle graphite counter electrode 
was used as the lower electrode in the Petrey stand. 


§ Computed from see Ref. 


** D 


counter electrode. The gas flow rate was 6-61/min. This method of introducing 
the gases, although quite simple, has been found to be effective and repeatable and 
has been used satisfactorily for routine analysis [5]. 

The source conditions have been classified according to the type of burn 
obtained. The normal or superficial burn is characterized by a very shallow spark 
crater surrounded by a thin rust-colored ring of iron oxide. The violent burn has a 
deeper spark crater in which there are pools of re-solidified molten metal and the 
crater is surrounded by a heavy ring of iron oxide. The burn area of the black burn 
is covered with a graphite deposit in which there are occasional open patches 
where an individual spark streamer struck to the bare metal. 

Table 2 lists the composition ranges for the samples used. Because of the wide 
variation in iron content, the ratio method was employed in plotting the analytical 
curves. The samples were of miscellaneous sizes, shapes and metallurgical 
treatment, resulting in a condition which tends to give the worst possible routine 
analytical results. 


[5] T. P. Scurersper and P. V. Monan, Appl. Spectroscopy 12, 6 (1958). 
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Table 2. Composition ranges for tool-steel standards 


Composition range 
Element 


Fe 69-79 
O-O5 


Sj 0-06 


0-07 


to 


to 18-5 
0-21 
2-08 


Table 3. Line pairs used with photographic recording 


Excitation Excitation 

Line Fe line 
rotentia 

(A) (A) 

(e\ (eV) 


pote ntial 


2775-40 11 $2: 2770-51 15-44, 15-49 
2933-06 II 2-8: 3116-59 LI. 1 15-61, 4 
2881-58 I 2874-17 I 131 
2088-66 I 3116-59 IL, 1 15-61, 
3130-27 Il 3116-59 1 15-61, 
3215-56 1 3265-62 | 5-97 
3044-01 3040-428 I 1-09 
13-12 111 3016-19 


4. Lines used with photoelectric recording 


Excitation 
Line 


(A) 


prot ntial 


(e\ ) 


lement * 


2714 
2933 
2516 
2677 
SLLO-7 


Tables 3 and 4 lists the spectrum lines used with the spectrographic and direct- 
reading equipment. 
Experimental results 
The intensity ratio vs. time curves for Mn II 2933-06 A/Fe I, IL 3116-59 A, 
Mo II 2775-40 A/Fe Il 2770-51 A. and Fe IIT 3013-12 A/Fe 1 3016-19 A are shown 
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in Fig. 1. The initial intensity-ratio variations of the Mn and Mo curves may 
indicate the transient conditions due to oxidation set up at the sample surface. 
These variations are very pronounced for the normal burn but are sharply reduced 
by both the violent and black burn conditions. Similar curves obtained for the 
other elements gave comparable results. The Fe II1/Fe I intensity-ratio curve 
indicates initial variations in the excitational character of the discharge for the 


normal burn which are not apparent for the violent or black-burn conditions. 


orbitrory scole 


Intensity rato, 


Fig. 1. Intensity vs. time curves for three types of spark burns. The specific conditions are 
as follows Normal Table 1; source condition (1 Violent Table l: source « ondition 


(2). Black lable |; source condition (3) 


The analytical results obtained using the high-voltage spark burn, violent 
burn and black burn are shown in Figs. 2-6. The curves for the normal burn are 
hased on three determinations on each standard, while those for the violent and 
black burn are based on a single determination. In all cases the violent- and 
black-burn conditions resulted in less point scatter with the best results being 
obtained with the black burn. Analytical curves for Co and W are not given 
because satisfactory lines were not available under the exposure conditions used 

The intercomparison of the high-voltage spark and low-voltage condensed-are 
black-burn conditions is shown in Figs. 7-13. Argon was used in preference to 
nitrogen for the high-voltage spark black burn because of the possibility of the 
nitrogen itself reacting with the sample. These data were obtained on the direct- 
reading equipment with duplicate determinations on each standard. The agreement 
between the two conditions for Mn, Mo, Si, Cr and Co is quite good, and only a 
single curve was drawn in each case. There is little sign of matrix effect on these 
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x 


Intensity roho, arbitrary scale 


Intensity roho, orbitrory scale Intensity rato, 


Fig. 5. 


x 100 


Intensity rato, ortitrory scole 
Fig. 6. 
Analytical curves for the indicated elements obtained with source conditions 


which produce the normal, violent and black type of sample burns. These source con- 
ditions ¢ as follows: Normal—Table 1; source condition (1), in ambient air. Violent 


Table 1; source condition (2), in oxygen. Black—Table 1; source condition (3). in nitrogen. 
All sources were of the high-voltage spark type, and photographic recording of the spectra 
was used. 
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(%oMin/%oFe) x 


(% Cr/%eFe) x 100 


matrix effects in the spectrographic analysis of tool steels 


Figs. 7-10. Analytical curves for the indicated elements obtained with high-voltage 

spark and condensed-are conditions which produce a black burn on the sample. These 

source conditions are indicated as follows: Spark—high voltage spark excitation in argon 

atmosphere, Table 1, source condition (4). Condensed are—condensed-are excitation, 

sample anode, Table l, source condition (5). Photoelectric recording of the spectrum 
line intensities was used, 


Discussion 


Mn Il 293314 
4 j 
Mo [1286-24 
| 
50 
WA 
x 
Condensed arc 
= 
Condensed or 
= 
0 | | | 
Chart reading, arbitrary scale Chart reading, orbitrary scale 
Fig. 7 Fig. 8. 
Cr 26772 4 
| 
} 
| 4 | 
= 
| ] Fai || | 
+ + + 4 
i . ondensed orc | 
Chart reading, arbitrary scole Chart reading, ete 
Fig. 9. Fig. 10. 


curves. However, for W, Fig. 12, and V, Fig. 13, the curves for source conditions 
(4) and (5) have different slopes, and individual curves were drawn. An unexplained 
matrix effect is apparent for the bracketed points of the V-curves. 


It has been found advantageous in these experiments to describe the source 
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(%W/%eFe) x 100 


| 
IF 


orttrory scole Chort reading, arbitrary scole 


Fig. 12. 


obtained with high-voltage 


on the sar These 
spark excitation in argon 
condensed-arce excitation 


ording of the spectrum 


the type of burn produced on the sample. The relative effectiveness of the various 
conditions in reducing matrix inaccuracies is closely associated with the type of 
burn which, in turn, is a function of the oxygen level of the analytical gap 
The oxvgen level also has a pronounced effect upon spectral intensity 
as shown in Fig. 14 


atmosphere 


‘This curve illustrates the manner in which the overall spectral 
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intensity (given by the relative intensity of Fe I 3016-19 A) varies as a function of 
the oxygen content of the analytical gap atmosphere and the areas in which the 
black, normal and violent burns predominate are shown. The transition in burn 


appearance from one area to the next is gradual; for example, the graphite deposit 
on the sample becomes progressively lighter as the spectral intensity decreases from 
the black- to the normal-burn area. The electrical parameters used in obtaining 


Reiative intensity Fe] 30/619 A 


20 40 60 80 


Oxygen (remainder Argon) 


Fig. 14. The variation in the relative intensity of an iron spectrum line as a function of the 
oxvgen content of the atmosphere introduced into the analytical gap. High voltage 


spark excitation was used with the electrical parameters given in Table |, source condition 


(3). The areas marked off on the curve indicate the range of oxygen content over which the 
black, normal and violent burns predominate. Photographic recording of the spectrum 
was used, 


the curve are those given in Table 1, condition (3), except that argon was used in 
place of nitrogen. A detailed interpretation of the physical and chemical changes 
occurring with the transitions indicated by this type of curve may be found in the 
literature | 2}. 

In comparing the five source conditions in Table | the following observations 


mav be of interest: The violent burn is obtained with condition (1) by merely 


introducing oxygen into the gap. To obtain a proper black burn, condition (3), 


nitrogen was blown into the gap and the electrical source parameters were adjusted 


by decreasing the inductance, number of breaks per cycle, and the analytical gap 
width.* 
With condition (5) the greatest part of the vaporized material comes from the 


cathode {6] and this copious vaporization of graphite, some of which condenses on 


the sample surface, establishes a reducing atmosphere without the introduction 


of the non-oxidizing gas. Condition (5) was made slightly oscillatory (damping 


* Similar analytical curves were obtained with l-mm and 2-mm gap spacings. The l-mm gap was 


seller ted because it gave the best tume vs. intensity curves 
X-ray diffusion analyses of the deposits around black burns, obtained with both the condensed-ar« 


and high-voltage spark discharge, show the major constituent to be graphite 


6) V. A. Fasse and R. W. Tapetine, Spectrochim. Acta 8, 201 (1956 
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resistance 1-7 £2) because it has been determined that this reduces matrix effects 
for this type of source [ 4}. 

The approach used in this work has been to treat the matrix-effect problem 
from the standpoint of sample vaporization and the method described for matrix- 
effect minimization is based upon improved control of sample vaporization. The 
excitational character of matrix effects is only briefly considered. A more detailed 


interpretation of the effect of excitation upon spectral character and its relationship 


to matrix effects has been discussed elsewhere.[7 | 
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Die Intensitét der infraroten Carbonylabsorptionsschwingungsbande von 
einfachen Carbonsdureestern 


L. GuTJAHR 
Institut fur Optik und Spektroskopie der DAW, Berlin— Adlershof 
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Abstract 


cular extinction coefficient ¢,,,,, and for the true half intensity band width Ay, , of the carbony! 


infra-red absorption band in compounds of the type RCOOC,H,. The variations of the band 


Data are given for the true integrated absorption intensity fe, dv, for the true mole- 


intensities of the carbonyl group with substituents R have been discussed in relation to the 


inductive and mesomeric effects. 


1. Einleitung 


Diz Bestimmung absoluter Intensititsdaten von Absorptionsschwingungsbanden 
tritt in der Infrarotspektroskopie in neuester Zeit immer mehr in den Vordergrund. 
Ein Mass fiir die Intensitaét einer Schwingungsbande ist der integrale Extinktions- 
koeffizient A fe,- dy. Zwischen dieser Grésse und den Elektroneneigenschaften 
des Molekiils besteht folgende Beziehung: 


. 


A e, Na/3c? + du/dq,? 


Ji 
hierbei ist die Zah! der Molekiile pro em®, ¢ die Lichtgeschwindigkeit und dq, 
die Anderung des Dipolmomentes beziiglich der Normalkoordinaten wihrend der 
iten Schwingung. 

Von grossem Interesse ist nun die Beziehung zwischen der Anderung des 
Dipolmomentes bzw. der Intensitaét und der jeweiligen chemischen Bindung. 


Betrachtet man eine Schwingungsbande, die der Schwingung einer bestimmten 


Atomgruppe Y in einer Molekiilverbindung z.B. vom Typ R—Y—R’ zuzuordnen 
gruy 


ist, so wird eine Anderung in der Elektronenstruktur der Gruppe Y, hervorgerufen 


durch den Einfluss des Restmolekiils (R, R’), das partielle Dipolmoment dieser 


Gruppe verindern und damit Anlass zu einer Erhéhung oder Erniedrigung des 


gemessenen Anderungen 


Intensititswertes der Schwingungsbande geben. Die 


des integralen Extinktionskoeffizienten der Gruppe Y in Abhangigkeit vom 
Substituenten R kénnen daher umgekehrt Aufschluss iiber die Art der Elektronen- 
verschiebungseffekte durch diese Substituenten geben. 


Die Intensitaét der Carbonylbande bei 1700 cm~! wurde von mehreren Autoren 


in verschiedenen Verbindungen untersucht. Die Bande ist sehr lagekonstant und 


weitgehend frei von Uberlappungen, so dass sie fiir absolute Intensitiitsmessungen 


besonders gut geeignet ist. 

In aromatischen Verbindungen vom Typ C,H,COR untersuchten THompson 
et al. {1| die Carbonylintensitét in Abhingigkeit verschiedener Ringsubstituenten 
R und fanden eine lineare Beziehung zwischen dem Logarithmus der Intensitit 


H. W. Tompson, R. W. Neepuam und D. Jameson, Spectrochim. Acta 9, 208 (1957). 
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und den Hammetschen Substitutionskonstanten o. In der vorliegenden Arbeit 


wurde in einer Reihe von Verbindungen vom Typ RCOOC,H, die Carbonylinten- 


sitat in Abhingigkeit von verschiedenen Substituenten R gemessen und der 


Einfluss dieser Substituenten auf die diskutiert. Insbesondere 
sollte das Zusammen- bzw. Entgegenwirken von mesomerer und induktiver 


Elektronenverschiebung geklirt werden. Die fiir einige Athylazetate bereits 
vorliegenden Intensitiitsdaten, gemessen von Barrow [2], Brown [3] und THomp- 


son und Jameson [4] werden mit den von uns gefundenen Werten verglichen und 


diskutiert werden. 


2. Durchfiihrung der Messungen und Messergebnisse 


Zur Prifung der Reproduzierbarkeit absoluter Intensitaitsdaten mit verschie- 


denen IR-Spektrometern wurden zuniichst Intensitaétsmessungen an mehreren 
Normalschwingungsbanden (701, 791, 851. 931 und 1022 em~') von Nitrobenzol. 


gelést in CS,, mit dem Infrarotspektrophotometer UR 10 von Zeiss, Jena durch- 


gefiihrt und die Werte mit den von Scumip [5] angegebenen verglichen. Die 


Messungen von SCHMID waren mit dem Perkin-Elmer Mod. 21 durchgefiihrt worden: 


die angewandte Methodik in der Auswertung war dieselbe. Die Ubereinstimmung 


der Werte innerhalb 4°,, kann als sehr gut angesehen werden. 


Die Registrierungen der Carbonylbande wurden ausschliesslich mit dem UR 


10 mit einem NaC l-Prisma durchgefiihrt. Es wurde mit der kleinsten Registrier- 


geschwindigkeit von 4 ¢m~'/Min und dem gréssten Registriermassstab von 400 mm 


100 gearbeitet Die geometrischen Spaltbreiten des Geriites wurden 
i 


mikroskopisch ausgemessen und die spektralen Spaltbreiten nach der WriLLiams- 


schen Formel [6] berechnet. Fiir die Wellenzah! 1740 em~-! ergab sich eine spek- 


trale Spaltbreite 6 von Sem-'. Um eine Beeinflussung der C—O-—Bande durch 


Wasserstoffbriickenbindung zu vermeiden, wurden die Untersuchungen nicht an 


den Siiuren, sondern an Estern durchgefiihrt. Alle Carbonsiiureester wurden 


mehrmals fraktioniert. Die Siedepunkte der verwendeten Fraktionen lagen bei 
K prsg: 54.2-54,4°C (HCO,C,H;): Kpygg: 76,8-77,7°C (CH,CO.C,H5); 5: 93.5 
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110,.6°C Kpgsg:  121,2-121,4°C (C,H;CH,CO,C,H;); 
145,8-146.6°C (CH,CHCICO,C,H;): (CH,CICH,CO,C,H;); 
Kpyg: 101,2-101,4°C Hs); Kpgg: 120,3-120,8°C (CgH;CH,CO,C,H;). 


Die Substanzen wurden gelést in CCl, in einem Konzentrationsbereich von 


0.5 bis 6 10-° Mol/em* und in seal-Kiivetten mit Schichtdicken von 0.2 bis 
6 10-2 em untersucht. Ein geringer Einfluss des Loésungsmittels auf die Intensi- 


tit der Absorptionsbanden des gelésten Stoffes ist fast immer vorhanden und von 


verschiedenen Autoren [7,8] diskutiert worden. In der vorliegenden Arbeit wurden 


21, 2008 (1953 


r. L. Bro J. Am. ». Soc. 80, 3513 (1958 


3 
1) H.W PHompson und D. A. JAMEson, Spectrochim icta 13, 236 (1958). 
D. Scumip, Intensitdtemessungen an monosubstituierten Benzolderivaten. Dissertation, Freiburg 


6) V. Z. Wittiams, Rev. Sei. Instr. 19, 151 (1948 
Spectrochim. Acta 10, 149 (1957 
Spectrochim. Acta 12, 34 
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die Untersuchungen ausschliesslich mit CCl, als Loésungsmittel durchgefiihrt. Die 
Carbonylbande lag bei den untersuchten Verbindungen zwischen 1700-1800 em~! 
vollig isoliert und war frei von einer Absorption des Lésungsmittels. Das Aus- 
messen der Bandenfliichen erfolgte mit Hilfe eines Polarplanimeters. Fiir jede 
Substanz wurden mindestens 10 verschiedene Registrierkurven durch Variation 
von Konzentration ¢ und Schichtdicke / in dem Absorptionsbereich von 35 bis 
70°, aufgenommen und ausgewertet. Die Berechnung der Integralabsorption 
d fe, - dv erfolgte nach den von Ramsay [9] angegebenen Methoden I, Il und 
Il], wo Methode I nur eine |. Naiherung darstellt und If und III eine Erweiterung 
der Methoden von WiLtson und Wetts und von [11] sind. Die 
Bandenflichen unterhalb der Absorptionskurven wurden iiber ein Wellenzahl- 
intervall von mindestens 150 ¢m~! planimetriert und in einem Diagramm die 
Werte von cl/C (bzw. die durch eine entsprechende Korrektur nach Ramsay 
erhaltenen Werte C” fiir die nicht mehr beriicksichtigte Fliche unter den Banden- 
fliigeln) iiber die wahren Maximalextinktionen In(/,//),.. aufgetragen  ent- 
sprechend der Gleichung 

cue 1/A -(1 0,25 In 


ax 


Die Umrechnung der durch die endlichen Spaltbreiten des Monochromators 
modifizierten sg. scheinbaren Durchlissigkeiten 7'/7', in die wahren Durchlissig- 
keiten ///, erfolgte unter Verwendung der Tabellen von Ramsay [9]. Die Extra- 
polation von In (/,//),_.. auf Null ergibt den wahren Intensitatswert A (Methode 
I11). Die Abb. | zeigt ein solches Extrapolationsdiagramm fiir Chlorameisensaure- 
iithylester. Die Abweichung von der Geraden mit der Neigung 0,25/A gibt ein 
Mass fiir die Abweichung der Bandenform von der bei Ramsay vorausgesetzten 
Lorentzform. Bei asymmetrischen Banden oder bei einer Aufspaltung der Carbonyl- 
bande infolge Rotationsisomerie wurde nach Methode II ausgewertet, da die 
Halbwertsbreiten und damit auch die wahren Durchlissigkeiten ///, nicht mehr 
eindeutig zu bestimmen waren. Die Planimetrierung der Banden erfolgte hierbei 
iiber die auf logarithmische Durchlissigkeit umgezeichneten Registrierkurven. 
Die Extrapolation von Konzentration mal Schichtdicke auf Null ergibt den 


wahren Intensititswert A (Abb. 2) nach der Beziehung 


lim. [In (7',/T), dv 


0 


Die Integrationsgrenzen wurden in diesen Fallen sehr weit gesetzt, da eine Fliigel- 
korrektur infolge der Unsicherheit in der Halbwertsbreite ebenfalls nicht mehr 
durchgefiihrt werden konnte. 

In der Tabelle | sind die Messwerte fiir die untersuchten Verbindungen zusam 
mengestellt. Fiir jeden Substituenten F ist der integrale Extinktionskoeflizient 
nach Methode IT oder III angegeben. Im letzteren Fall zum Vergleich auch der 
erste Informationswert nach Methode I. Der scheinbare und wahre Extinktions- 
koeffizient und sowie die scheinbare und wahre Halbwertsbreite Avr‘, 


famsay, J. Am. Chem. Soc. 74, 72 (1952) 
Wisown. Jn. und A. J. Weis, J. Chem. Phys. 14, 578 (1946 
Phys. Re 29, 704 (1927) 
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1,0 2,0 


n(l 


Abb. 1. Extrapolationsdiagramm nach Methode ITI. Chlorameisensadureathy lester. 


L x10” Mol / cm? 
Extrapolationsdiagramm nach Methode IT. «-Chlorpropionsdéureathylester 


Tabelle 1. Substanztyp: } C,H, geldst in CCl, 


Integraler Maximaler Form 


a 
ons lbwertsbreite Ai > 
Extinktion Extinktionskoeff Hal der Band 


€ymax 2 Av} 2 


*) 

7,89 0,636 l.as 
10.61 0.549 l.as 
10,32 0,553 symm 
12,43) st.as 
12,03 0,510 


Aufsy 


0,448 asymm 

0,463 l.as 

0,418 symm 


asymm 


14,09 0,462 Las 


a 
40 
36 
20 
8 
6 
4 
a 
3,4) 0 
28 
x 
2,0 
7 
] 
Abb. 2. 
R 
Weller 
Substituent 
zahil 
R 10° (em/Mol db=8 
: Meth. Meth. Meth loré em-! 
tao LOS ol 1.97 2 95 12.60 
( H, 1745 3.35 1.53 1.08 14.45 
1782 4,31 4,27 2,01 2.66 14,45 
C,H, 1725 3,27 1,49 (1,88 16,15 
C,H,;O0 1749 3,99 3,04 1,68 2.11 15,73 
CH,C! 1745 u 2.70 
1768 
C,H, CH, 1741 3,17 16 1,16 1,34 17,89 14,78 
CH,CH 1741 3.07 20 - 4 
CH,CHCl 1748 2,49 
CH,CI-CH, 1743 3,13 2.99 1,07 1.23 19.18 16.29 
CH,CH,CH 1739 3,12 
| 3,29 1,28 1,50 03 
CH, 
91° 
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und Av}, der Carbonylbande ergab sich aus den Werten der fiir jede Verbindung 
aufgenommenen 10 bis 12 Registrierkurven durch Mittelwertsbildung. In der 
Tabelle ist ferner das Verhaltnis von spektraler Spaltbreite des Geriites zur schein- 
baren Halbwertsbreite 4/Avr{,. und die mehr oder weniger asymmetrische Form der 
Bande (symmetrisch, leicht asymmetrisch, asymmetrisch, stark asymmetrisch, 
Aufspaltung) angegeben. 
8. Diskussion 

Der Elektronengrundzustand einer Carbonylverbindung kann durch die 

beiden Grenzstrukturen I und II ausgedriickt werden: 


Der Doppelpfeil gibt die Existenz irgendeines stabilen Zwischenzustandes an; 
inwieweit Struktur (1) oder (11) hierbei mehr realisiert wird, hingt von der Natur 
der Substituenten R oder R’ ab. Ist R ein Elektronendonator, so wird durch die 
induktive Elektronenverschiebung (positiver Induktionseffekt) Struktur (II) 
grésseres Gewicht haben. Der Dipol dieser lonenstruktur ist grésser, und eine 
kleine Anderung in dieser Struktur, wie z.B. bei der Valenzschwingung die Ver- 
grésserung des Kohlenstoff-Sauerstoff Abstandes, wird eine grosse Anderung des 
Dipolmomentes und damit einen hohen Intensititswert der dieser Schwingung 
zugeordneten Absorptionsbande bewirken. Im gleichen Sinne wirkt die Einfiihrung 
einer unmittelbarzurCarbonylgruppe benachbarten Doppel- oder Dreifachbindung, 
da durch die gegenseitige Uberlappung der 7-Elektronen ein Fliessen der Ladung 
stattfinden kann. Ist R dagegen ein Elektronenakzeptor (negativer Induktions- 
effekt), so wird Struktur (1) tiberwiegend realisiert sein und ein Absinken der 
Bandenintensitat der Carbonylgruppenschwingung eintreten. 

Der grésste Intensititswert (im folgenden mit A-Wert bezeichnet) ergibt sich 
fiir Chlorameisensiiureadthylester (Tabelle 1). Da Chlor ein Elektronenakzeptor 
ist, wirken hier Induktions- und Mesomerieeffekt entgegengesetzt. Aus dem 
grossen A-Wert folgt jedoch, dass der Mesomerieeinfluss stirker ist, so dass 
Struktur (I1) iiberwiegend realisiert ist. Die einsamen Elektronenpaare des Chlors 
(3p—sp*-Bindung) werden delokalisiert und treten in Wechselwirkung mit den 
7-Elektronen der sp?—2p-Bindung der Carbonylgruppe. Beim Kohlensiurediithy]- 
ester ist aufgrund der grésseren Elektronegativitat des Sauerstoffs gegeniiber dem 
Chlor ein grésserer negativer induktiver Effekt vorhanden; aus dem hohen 
A-Wert folgt jedoch wieder, dass der entgegengesetzt gerichtete Mesomericeffekt 
stirker ist. 

Beim Chloressigsiureithylester ist durch die Zwischenschaltung der CH,- 
Gruppe eine Mesomerie kaum mehr méglich, so dass allein der gegeniiber Chlor- 
ameisensiureithylester abgeschwichte negative Induktionseffekt zur Wirkung 
kommt und damit Struktur (1) mit einem sehr viel kleineren A-Wert verwirklicht 
ist. Im Falle des Benzoesiureithylesters liegt wieder Mesomerie vor. Die z- 
Elektronen des Phenylkerns treten in Wechselwirkung mit den 7-Elektronen der 
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Carbonylgruppe, wihrend bei dem die Komplanaritit 
des Molekiils infolge sterischer Hinderung durch die CH,-Gruppe aufgehoben ist 
und der A-Wert daher absinkt. 

Bei den Substanzen Essig-, Propion, iso- und normal Buttersiureithylester 
sind die Substituenten R Elektronendonatoren, so dass durch diesen positiven 
Induktionseffekt der A-Wert der Carbonylgruppe in jedem Falle tiber 3 - 107 liegt. 


Hier und auch bei den Substanzen a- und f-Chlorpropionsiureithylester spielt 


Hyperkonjugation eine Rolle; bei den beiden letztgenannten Substanzen ist 
ausserdem der sich abschwiichende induktive Effekt des Chlors an dem kleinen 


Tabelle 2. Integrale Absorption der Carbonyl-Valenzschwingungsbande bei ~1740 em™! 
Substanztyp R COMM HH, ge lost in CCl, 


| ly 


(10° em 


Substituent 


Brown Barrow THOMPSON CGiUTJAHR 


3.34 3.91 
3.45 2.6 3.14 
4,27 
3,27 
3,04 
2,70 


3.16 


Anstieg der Intensitat fiir « gegeniiber 6-Chlorpropionsiiureadthylester zu erkennen. 

Schwer zu deuten ist der hohe Intensititswert beim Ameisensiureithylester, 
da man nicht annehmen kann, dass der Wasserstoff gréssere Donatoreigenschaften 
hat als z.B. die CH,-Gruppe. Die Tabelle 2* zeigt eine Zusammenstellung der 
von den verschiedenen Autoren angegebenen Integralabsorptionen. Die gréssten 
Abweichungen von den von THompson und Browwy [3, 4] gemessenen Intensitits- 
werten liegen beim Ameisen- und Essigsiuredthyvlester, wo sich die Reihenfolge in 
den A-Werten umkehrt. Die Vermutung einer evt!l. Verunreinigung. insbesondere 
von Wasserspuren und damit das Auftreten einer Wasserstoffbriickenbindung lag 
nahe; das IR-Spektrum zeigte jedoch keinerlei OH-Absorptionen. Die Substanzen 
wurden von uns mehrmals hergestellt und gereinigt und die Registrierungen mit 
2 verschiedenen Geriten wiederholt. Die Abweichungen lagen in allen Fallen 
unter 1°. Um die auftretenden Diskrepanzen zu kliren, wurden ausserdem 


* Die Intensitétewerte von Brows, Barrow und Tuompson wurden zum Vergleich in em Mol='! 


ungerechnet 
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vergleichende Intensititsmessungen fiir die fraglichen Substanzen von Herrn 
Schowtka im Institut fiir anorganische und anorganisch-technische Chemie der 
TH Dresden durchgefiihrt. Die Werte bestitigten die von uns hier angegebenen. 
Der hohe A-Wert des Ameisensiiureiithylesters lisst sich damit nicht durch 
Elektronenverschiebungseffekte deuten. Infolge der Kleinheit des H-Atoms 
treten wahrscheinlich zusitzliche elektrostatische Anziehungskrifte auf. 


4,0 


3,8 
3,6 
34 
3,2 


3,0 
—log K 
Abb. 3. Intensitat der Carbonylbande in Verbindungen vom Typ RCOOC,H, mit ver- 


schiedenen Substituenten R in Abhangigkeit von den Dissoziationszahlen der entsprechen- 
den Sauren. 


Abb. 3 zeigt die lineare Beziehung zwischen dem integralen Extinktionskoeffizi- 
enten der untersuchten Verbindungen und den p,-Werten der entsprechenden 


Siuren. Der Ameisensiureathylester fallt hierbei wieder aus der Reihe. 


Zusammenfassung 
Die Messungen des integralen Extinktionskoeffizienten der Carbonylgrund- 
schwingungsbande haben ergeben, dass die Beeinflussung dieser Bande durch die 
Substituenten R in dem Verbindungstyp RCOOC,H, hauptsichlich durch mesomere 
Elektronenverschiebung erfolgt. 
Bei einem gleichzeitig vorhandenen entgegengerichteten Induktionseffekt ist 
der Mesomerieeffekt der stirkere. 


Anerkennungen—Herrn Prof. Dr. R. Rrrscui und Herrn Dipl.-Chem. 8. DAuNe danke ich fiir 
wertvolle Diskussionen; Fri. 8. Treve und Fri. I. GOrscn fiir die Hilfe bei der Durchfiihrung 
der Messungen. 
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Spektroskopische Untersuchungen an organischen Ionen—I 
Das Schwingungsspektrum des Acetamidinium- und des N-d,-Acetamidinium-Ions 


R. Meckxe und W. 
Institut fir physikalische Chemie der Universitat Freiburg i. Br. 


(Received 23 May 1960) 


Abstract—The infra-red spectra of the acetamidinium ion [H,C C(NH,),)" both in the 
chloride and in salts with complex anions of type MeC|,~ as well as the spectrum of the deuterated 
ion [H,C C(ND,)9) 
interpretation of the spectra proves the structure assumed. Comparing the spectrum of the 


are assigned in terms of normal vibrations assuming a C,,-model. The 


acetamidinium ion with those of its deuterated analogue and of isoelectronic ions leads to the 
conclusion that the assignment proposed by Davies and Parsons [3] is to be improved. The 
advantage of using complex salts in i.r.-speetroscopic studies of organic cations [4] is emphasized. 


AmipINe werden im organisch-chemischen Schrifttum als funktionelle Derivate 
der Carbonsiuren gefiihrt. So kann man das Acetamidin (I) von der Essigsiure 
ableiten, indem man den Carbonylsauerstoff durch eine Imino- und die Hydroxyl- 


gruppe durch eine Aminogruppe ersetzt. Entsprechend den verschiedenen 


NH NH,) - + NH 
H,C—C H,C—C H,C—C 
NH, NH, NH, 
(I) (11) (IIT) 


Elektronegativititen von O und N nehmen die sauren Eigenschaften von den 
Carbonsiuren zu den Amidinen stark ab, gleichzeitig nimmt die Basizitét zu. 
Die Amidine sind starke Basen. Urspriinglich sah man den Aminostickstoff 
(Struktur III) als den Trager dieser basischen Eigenschaft an. So war aber schwer 
zu verstehen, warum die Basizitat z.B. des Acetamidins wesentlich grésser als die 
des Methylamins und seiner Homologen ist. Die erhéhte Basizitét wird aber 
sofort verstindlich, wenn man fiir das Acetamidinium-Ion nicht Struktur (II), 
sondern (II) annimmt, die “durch Mesomerie stabilisiert’’ ist und bei der die 
beiden Stickstoff-Atome gleichwertig sind. Bei der Acetamidin-Base (I) ist der 
Valenzausgleich nur in weit geringerem Masse méglich; der Gewinn an Resonanz- 
energie bei Anlagerung eines Protons ist im wesentlichen fiir die hohe Basizitat ver- 
antwortlich. Man erkennt leicht, dass auch das Acetamidin-Anion |[H,C—C(NH),] 

mesomeriestabilisiert sein muss d. h. dass Acetamidin auch als Siure fungieren 
sollte. Tatsichlich sind solche Acetamidinate bekannt. Das schwerldsliche 
Silberacetamidin ist auch gegeniiber Wasser bestindig. Uber sein IR-Spektrum 
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soll an anderer Stelle berichtet werden. Allgemeines iiber die Chemie der Amidine 
findet man bei und Newman [1]. 

Ob das Acetamidinium-lon die Struktur (11) oder (IIT) besitzt, sollte sich aus 
dem Schwingungsspektrum eindeutig entscheiden lassen. Das Raman-Spektrum 
des Acetamidinium-chlorids in wissriger Lésung wurde erstmalig von SHIGORIN [2] 
aufgenommen, mit dem IR-Spektrum des Acetamidins sowie des Acetamidinium- 
chlorids beschiftigten sich neuerdings Davies und Parsons [3]. 

Wir zogen zur Untersuchung des Acetamidinium-lons ausser dem Chlorid 
noch einige Salze mit komplexen Anionen des Typs MeC], heran, die sich auch in 
anderen Fillen fiir die IR-Untersuchung organischer Kationen bewahrt haben 
[4, 5), nimlich das Hexachloro-Stannat, -Platinat und -Antimonat, ferner nahmen 
wir das Spektrum des am Stickstoff deuterierten Ions auf. In Bezug auf die 
Struktur des lons kamen wir zwar zu dem gleichen Schluss wie Davies und 
Parsons [3], aufgrund unseres Materials konnten wir jedoch die Zuordnung der 
Schwingungsfrequenzen durch die genannten Autoren nicht bestatigen. 

Die Vorteile der Verwendung von Salzen mit komplexen Anionen fiir die 
Infrarot-Untersuchung organischer Kationen sind folgende: 

(1) Kationen, deren Salze mit einfachen Anionen (z.B. Chlorid) unbestandig 
sind, lassen sich in vielen Fallen durch komplexe Anionen stabilisieren. Am 
stabilsten sind i.a. die Hexachloroantimonate [6, 7}. 

[2] Die von uns verwendeten komplexen Ionen absorbieren im interessierenden 
Spektralbereich, d.h. zwischen ly und 25, iiberhaupt nicht, so dass man die 
reinen Spektren der Kationen erhalt. Dadurch sind sie giinstiger als andere 
komplexe Ionen wie Nitrat, Perchlorat. 

(3) In vielen Salzen spielt Wasserstoffbriickenbindung zwischen Kation und 
Anion eine Rolle [4, 8], vor allem bei Hydrochloriden, man erhilt deshalb nicht 
die Spektren der ungestérten Ionen [4]. Bei den voluminésen komplexen Anionen 
ist jedoch der fiir H-Briicken nétige kurze Abstand zwischen dem Kation und dem 
Cl des Anions nicht méglich [9], so dass man den Spektren der ungestérten Kationen 
viel niher kommt [4]. Man erkennt das daran, dass die Absorptionsbanden 
wesentlich schirfer sind (vgl. die Spektren auf Abb. 1). Erfahrungsgemiiss sind 
die Banden bei den Hexachloroantimonaten am schirfsten. 

(4) Wahrend Hydrochloride in vielen Fillen (so auch beim Acetamidin) stark 
hygroskopisch sind, lésen sich die komplexen Salze meist nur missig in Wasser, 
sind demgemiiss an der Luft bestandig und fiir die [R-Untersuchung viel bequemer 
als die Hydrochloride. 

Die Schwingungsfrequenzen der untersuchten Acetamidiniumsalze sind in 
Tabelle 1 zugeordnet. Dass das Ion die Struktur (II) und nicht (III) hat, ergibt 
sich schon daraus, dass die charakteristischen Absorptionen der R—-NH,*-Gruppe 


fl] R. L. Surmver und F. W. Newman, Chem. Revs. 35, 351 (1944). 
[2] D. N. Sxicorr, Zhur. Fiz. Khim. 25, 789 (1951). 

[3) M. Davies und A. E. Parsons, Z. physik. Chem. NF 20, 34 (1959). 

[4] R. Mecke und W. Spectrechim. Acta 16, 1225 (1960). 

[5| W. Kurzetniec und R. Mecke, Rev. universelle mines 15, 456 (1959). 

(6) H. Meerwern und Miragrs, J. prakt. Chem. NF 154, 83 (1939); sowie Chem. Ber. 89, 89 (1956). 
\7| F. Kiaces, H. Mevrescu und W. Strerricu, Ann. Chem. Liebigs 592, 81 (1955). 

[8] R. D. WaLpron, J. Chem. Phys. 21, 734 (1953). 

[9} V. Caciiorri und Atti accad, naz Lincei VIII, 24, 633 (1958). 
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Tabelle 1. Das Schwingungsspektrum des Acetamidinium-Ions H,C—C(NH,), in verschiedenen 
Salzen 


(Zuordnung nach einem C,-Modell, das nur gilt, wenn man fiir die CH,-Gruppe freie 


Rotation annimmt. Frequenzangaben grundsitzlich in em 


Ptcl,? 
SbCl, SnCl,? Prcl,? N-d,-Acet- 
amidinium 


Zuordnung Cl-(Ra) 
Rasse wssr. Lsg. krist. 


A,v NH, 3370 (1) 3220 (10b) 3464 (10) 3452 (7) 3417 (9) 2560 (9) 
vy NH, | 3256 (1) 3080 (10b) | 3390 (10) 3395 (8) 3368 (10) 2425 (6) 
vy CH, = 2880 (4) ? ? 
ONH, (sh) 1656 (7) 1667 (sh) 1667 (sh) 1176 (4) 
o 1519 (5) (6) 1515 (6) 1518 (7) 1520 (6) 1499 (7) 
OCH, 1378 (3) (8) 1378 (4) 1382 (7) 1379 (7) 1381 (6) 
p NH, 1155 (6) (2) 1147 (3b)? (4b)?—-:1200 (4b) 943 (3b) 
o 880 (10) (0) 878 (0) 879 (1) 876 (1) 829 (3) 
A 534 (4) (5) 531 (8) 543 (4b) 540 (4b) 480 (5b) 

doy NH, ? é la ia la ia 
y NH, ? é ia ia ia la 
7 CH, ? ia ia ia ia 
v NH, 3370 (1) 3220 (10b) 3464 (10) 3452 (7) 3417 (9) 2531 (10) 
vy NH, 3256 (1) 3080 (L0b) 3372 (10) 3395 (8) 3368 (10) 2397 (10) 
vy CH, = 2998 (3) ? 2947 (2) 2949 (1) 2950 (0) 2950 (0) 
o 1687 (10) 1684 (10) 1692 (10) 1690 (10) 1642 (10) 
r) NH, 1568 (1,5) 1587 (1) 1565 (0) 1565 (1) 1555 (lb) 1176 (4) 
OCH, | 1444 (2) 1425 (5) 1416 (7) 1415 (6) 1411 (6) 1412 (5) 

p NH, 1094 (4) 1105 (3) 1087 (5b) 1083 (3b) LOS81 (3b) 943 (3b)? 
p CH, — 1028 (3) 1026 (1) 1010 (sh) n.b. 1020 (0) 1020 (0) 
A 445 (2) 445 (3) (455) (1b)? 450 (2) 450 (2) ? 
515 (2) ? 510 (2)? 

2¥ CH, | 2998 (3) ? 2947 (2) 2949 (1) 2950 (0) 2950 (0) 
OCH, 1444 (2) 1425 (5) 1416 (7) 1415 (6) 1411 (6) 1412 (5) 
y CH, 1057 (2) 1046 (3) 1053 (1) 1053 (1b) 1050 (3) 
r 706 (2)? ? 700 (4) 720 (sh) 720 (Ob)? 621 (5) 
y NH, ? 720 (Sb) 575 (10b) 620 (10b) 610 (8b) 450 (Sb) 
» NH, ? ? ? ? ? 1 


to to ts 


~ 
we 


fehlen | 4], jedoch die der-—-N H,-Gruppe, insbesondere zwischen 3350 und 3500em~, 
eindeutig zu erkennen sind, wie sie sich ahnlich im Harnstoff [11] und im Guan- 
idinium-lon 12] finden. 

Bei der Zuordnung wurde ein C,,-Modell zugrundegelegt, das streng genommen 
nur fiir das Ion ohne die Methylwasserstoffe gilt, das sich aber in analogen Fallen, 
wie z. B. beim Nitromethan [15] und beim Acetat |16] bewahrt hat. 

Aus dem Vergleich mit diesen, sowie weiteren isoelektronischen Verbindungen 
(Tabelle 2 und Abb. 2) folgt, dass im Spektralbereich zwischen ca. 1300 und 
1700 sechs Eigenfrequenzen zu erwarten sind, zwei Geriistschwingungen 
und zwei NH,-Deformationsschwingungen (6), die méglicherweise stark koppeln 

L. ANGELL, N. SHepparp, A. Yamacucui, T, Sarmanovucui, T. Mryazawa und F. Mizusuima, 

Trans. Faraday Soc. 5%, 589 (1957). 


A. Yamacucui, T. Mryazawa, T. Sarmanovucui und 8. Mizusnima, Spectrochim. Acta 10, 170 (1957). 
W. Kvuvrze.nice Dissertation, Freiburg i. Br. (1960). 
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Tabelle 2. Vergleich der Geriistschwingungen des Acetamidinium-Ions mit 
denen isoelektronischer Ionen (vgl. Abb. 2 


(HOCO,)|- [H,CCO,)- H,CNO, [H,CC(NH,),}* [HO—C(NH,),|* [C(NH,),| 


1582 1684 1656 


1620 1580 


E 1420 1667 
\| A, 1400 1415 1384 1515 1558 

A,’ | A, 1060 990 920 921 878 1012 1013 

A.” | B, 850 830 615 599 7007 740 720 
{ A, 700 646 647 530 570 

E 710 ((510?) 530 


635 476 540 


Literatur 


Abb. 2. Die Geriistschwingungsfrequenzen einiger isoelektronischer Verbindungen. 


|10, 11] sowie zwei CH,-Deformationsschwingungen zwischen 1450 und 1375 em~!. 
Die beiden Banden bei 1380 und 1415 em~! verandern sich bei der Deuterierung 


am Stickstoff praktisch tiberhaupt nicht, sie sind also erwartungsgemiiss als 


6CH, zuzuordnen (vgl. Tabelle 3). 

Von den beiden intensiven Banden bei 1660 und 1690 cm~' (deutlich aufgelést 
sind sie nur beim Hexachloroantimonat, wihrend bei den anderen Salzen die 
niederfrequente nur als Schulter zu erkennen ist), verschwindet die schwichere bei 
1660 bei der Deuterierung, wihrend die andere sich nach ca. 1640 cm~! verschiebt. 

Die Bande bei 1660 cm~! ist daher als NH,-Deformationsschwingung zu deuten, 
zuma! an ihrer Stelle im deuterierten lon eine Bande bei 1170 cm~' auftritt. Da 
die Bande bei 1690 cm~! zu B, gehért, (wie weiter unten gezeigt wird) kann man 
vermuten, dass diejenige bei 1660 cm~! eine A,-Bande ist, denn zwei gleichrassige 
Frequenzen, von denen man zudem weiss, dass sie stark miteinander koppeln, 
haben in der Regel nicht so dicht benachbarte Frequenzen. Im Harnstoff [10] 
und im Guanidinium-Ion [11,12] liegt die symmetrische NH,-Deformations- 
schwingung um 30 bzw. 50 em~ héher als die antisymmetrische, zudem ist letztere 


13) P. Tarte, Hydrogen Bonding 8. 115. Pergamon Press, London (1959). 

14) K. W. F. Kowiravscn und H. Wirreck, Acta Phys. Austriaca 1, 1003 (1948). 
[15) W. J. Weis und E. B. Wirson, J. Chem. Phys. 9, 314 (1941). 

(16) J. K. Witmsnurst, J. Chem. Phys. 23, 2463 (1955). 


1220 


] 


ler 
i 
(12), (13) (16) (15) [5], [12] (10), [12] 4 
— 

— fx 
HOC 0 
0 
- - —-7 
3" 
500 1000 S00 2000 i 
wl 
; 
2 

| 


Spektroskopische Untersuchungen an organischen [onen—I 


im Guanidinium-lon verhaltnismissig schwach [12]. Aus diesem Grunde ordnen 
wir die zweite 6 NH,-Frequenz bei 1560 bis 1580 cm~! zu. In diesem Bereich 
findet sich eine schwache Bande bzw. Schulter bei allen Acetamidiniumsalzen, 
ausserdem liegt bei 1558 cm~ eine deutliche Raman-Linie. 

Die CH,-Kippschwingungen lassen sich durch Vergleich mit verwandten 
Molekiilen (Tabelle 3) bei 1020 und 1050 cm~' zuordnen. Die breiten Banden bei 


Tabelle 3. Die CH,-Schwingungsfrequenzen im Acetamidinium-ion und analog 
gebauten Verbindungen 


H,CCOOH 
H,CNO, [H,CCO,] (Gas, mo- 
nomer ) 


H,CCONH, H,CCONH, 


(Gas) (krist.) | 


3010 2967 


Ve 3048 3048 2930) 2998 (Ra) 
2981 2900 

Ve 2965 2935 2997 2860 (2815) 2880 (Ra) 
1449 1429 1445 

d, 1385 1458 1412 
1488 1456 1401 

d, 1413 1344 1340 1330 1357 1379 

Y 1152 1052 1068 1040 1047 1053 


1097 1020 990 965 1005 1020 


Literatur [15] [16] [19] [12] [12] 


1100 und 1150cm~-! passen am besten auf pNH, (rocking). Eine eindeutige 
Zuordnung zu A, bzw. B, ist hier nicht méglich. Nach der Normalkoordinaten- 
rechnung von YAMAGUCHI et al. [11] am Harnstoff sollten die beiden NH,-rocking- 
Frequenzen nahezu die gleiche Frequenz haben. 

Die sehr intensiven yNH,-Banden liegen in den Salzen mit komplexen Anionen 
bei deutlich niedrigeren Frequenzen als im Chlorid (Chlorid 730, Hexachloroanti- 
monat 580 cm~!) (vgl. dazu [4]). Das hingt offenbar damit zusammen, dass in 
den komplexen Salzen die Wasserstoffbriicken zwischen Kation und Anion 
weitgehend fehlen. Darauf beruht es ja auch, dass die NH,-Valenzschwingungs- 
banden in den komplexen Salzen deutlich héher liegen und schiarfer sind als im 
Chlorid. 

Die intensiven Banden bei 1690 und 1520 cm~!, die sich bei der Deuterierung 
nach 1640 und 1500ecm-! verlagern, sind offenbar Valenzschwingungen des 
Molekiilgeriists. Ihre Frequenzlage entspricht durchaus der ahnlich gebauter 
isoelektronischer Ionen (Tabelle 2, Abb. 2). Da im Acetat, das eine analoge 
Elektronenstruktur besitzt (eine Einfach- und zwei eineinhalbfach-Bindungen, weil 


= die CH,-Gruppe sich nicht an der Mesomerie beteiligen kann), die hGhere Frequenz 
4 der B,-Rasse angehért, muss man annehmen, dass es hier entsprechend ist. Die 
us Frequenzverschiebungen bei der Deuterierung muss man auf deutliche Kopplung 


mit den NH,-Deformationsschwingungen zuriickfiihren [10, 11). 
Die dritte, totalsymmetrische Valenzschwingung, die weitgehend wC—C- 
Charakter hat, muss auch hier, wie in verwandten Molekiilen (Tabelle 2) die 
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intensivste Ramanlinie sein hrs findet sich erwartungsgemiiss bei 880 em~!. Der 
Daviessche Vorschlag, w(—C bei 1028 em~' zuzuordnen, ist unverstindlich. 

Zum Molekiilgeriist noch drei Deformationsschwingungen (vgl. 
Tabelle 2), die etwa zwischen 450 und 800 em~' zu erwarten sind. Die Lage der 


Abb. 3. Die Absorption des (Acetamidinium-Ions um 3u4-Gebiet (LiIF-Prisma) 
(a) Acetamidinium-hexachlo roantimonat in C,Cl,. 
(b) Acetamidinium-hexac hlorostannat in C af ‘1. 
(c) Acetamidinium-hexac hloroplatinat Paste). 


Frequenz der nichtebenen Deformationsschwingung (IT) hingt nach unseren 
Erfahrungen [5,12] vom Grad des Bindungsausgleichs im Molekiil ab. Das 
Maximum an Resonanzenergie bei trigonalen Sternmolekiilen liegt bei véllig 
ebener Anordnung vor. Je héher die tesonanzenergie ist, umso héher wird der 
Widerstand gegeniiber einer Defor mation aus der Ebene sein. Da die Elektronen- 


struktur des Acetamidinium-Ions wahrscheinlich ahnlich der des Acetats und 
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des Nitromethans ist, sollte eine ahnliche Lage der ['-Bande vorliegen, d.h. bei 
ca. 600 cem~!. An dieser Stelle zeigt jedoch nur das deuterierte Ion eine scharfe 
Absorption, bei den nicht deuterierten komplexen Acetamidiniumsalzen kénnte 
diese Absorption durch yNH, verdeckt sein, das Acetamidiniumchlorid ist bei 


600 em~! jedoch absorptionsfrei. In der Gegend um 700 cm~! zeigen alle Acet- 


amidiniumsalze eine schwache und verhiltnismissig breite Absorption, einzig beim 


Hexachloroantimonat ist sie einigermassen scharf (beim Chlorid kénnte sie 
verdeckt sein). Bei 706 cm~ liegt eine deutliche Raman-Linie |2]. Da erfahrungs- 
gemiiss [12] yNH,-Banden im Raman-Effekt nicht oder nur dusserst schwach 
auftreten, liesse sich diese Absorption als [ deuten. Fraglich bleibt, ob sie sich 
bei der Deuterierung bis nach 620 cm~ verschieben kann. Die Produktregel, die 
vielleicht entscheiden kénnte, lisst sich auf die B,-Klasse nur schwer anwenden, 


da nicht genau bekannt ist, wie die beiden IR-aktiven yNH,-Banden (wagging « 


und twisting +) zuzuordnen sind. Sie liegen wahrscheinlich auch bei abnlichen 


Frequenzen, zumindest im Kristall, und da sie beide wohl sehr breit sind, iiber- 


decken sie sich méglicherweise. 


Als ebene Geriistdeformationsfrequenzen sind am wahrscheinlichsten die 
Werte 530 und 450 em~', wovon die héhere Frequenz ihnlich wie in isoelektron- 
ischen Molekiilen (Tabelle 2) als A, zugeordnet wurde. Unklar bleibt die Bedeutung 
der Absorption bei 510 cm~! in den komplexen Salzen, médglicherweise ist sie 
statt 450 cm~' als Aa anzusehen. 

Verhiltnismissig komplex ist die Absorption im 3yu-Bereich. Wiahrend wir 
beim Chlorid eine sehr breite Bande mit 2 Maxima ohne weitere Struktur finden, 


infolgedessen kann man erkennen, dass mehr Banden auftreten, als eigentlich zu 
erwarten sind. Zu erwarten sind fiir zwei NH,-Gruppen vier Banden, von denen 
aber jeweils zwei sich nur um ca. 20 cm~! unterscheiden diirften |10, 12], wihrend 
der Abstand der Dubletts etwa 100 cm~! betragen sollte. Die Spektren der 


Acetamidiniumsalze, aufgenommen mit héherer Auflésung (LiF-Prisma) im 3y- 
Bereich, sind in Abb. 3 zu sehen. Die beobachteten Frequenzen riihren z. T. von 
Ober- und Kombinationsténen her (Zuordnung in Tabelle 4). Es trifft sich hier, 
wie auch bei vielen Amiden und verwandten Verbindungen |4, 12, 17] so, dass die 
Ober- und Kombinationsténe der intensiven m- und dNH,-Banden ungefahr in 
den Bereich der yNH,-Schwingungen fallen und dadurch in ihrer Intensitat stark 
angehoben werden. An echte Fermiresonanz kénnte man nur beim Hexachloro- 
platinat denken, bei den anderen Salzen liegt die niedrigste »yNH-Frequenz deutlich 


héher als der héchste Summationston. 


Experimentelles 

Das Acetamidiniumchlorid wurde nach der Vorschrift von Dox und WHITMORE 
|20) dargestellt. Die komplexen Salze wurden aus dem Chlorid in analoger Weise 
wie die entsprechenden Methylammoniumsalze durch Versetzen der Lésungen der 


|17| R. M. Bapcer und R. D. WaLpron, J. Chem. Phys. 26, 255 (1957). 
R. C. Duvat und J. Lecomte, Bull. Soc. Chim. France 10, 517 (1943). 
(19) J. K. Witmsuvurst, J. Chem. Phys. 25, 1171 (1956). 

20) A. W. Dox und F. C. Wuirmore, Org. Syntheses. (Coll. Vol.) 1, 5. 
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Tabelle 4. Die Absorption der Acetamidiniumsalze im 3yu-Bereich 


4 Zuordnung 
Al ym 
(vgl. Tabelle 1) 


Cl SbCl SnCl2 
6 6 6 


3200 (10b) 3464 (10) 3452 (7) 3417 (9) 
3390 (8) 
3395 (8) 3368 (8) 
3100 (10b) 
3372 (10) 
3350 (7) 3355 (7) 3344 (4) 
3302 (7) 3326 (6) 
3272 (8) 3241 (8) 
3225 (sh) 
3205 (4) 3212 (6) 
3170 (0) 3186 (6) 
2947 (2) 2949 (1) 2950 (0) 


entspr. Amin-Hydrochloride in konz. HCl mit der aquivalenten Menge SnC\,, 
SbCl, bzw. H,PtCl, und Umkristallisieren der Niederschlige aus der Mutterlauge 
gewonnen [4]. Entsprechend wie das Methylammonium-hexachloroplatinat wurde 
auch das Acetamidiniumhexachloroplatinat durch Behandeln mit schwerem Wasser 
am Stickstoff deuteriert. 

Die IR-Spektren wurden grundsitzlich als Nujolpasten, zusitzlich als Pasten 


in Perchlorbutadien oder Hostaflonél aufgenommen, das Acetamidinium-hexa- 
chloroplatinat gibt als NaCl-Pressling (nicht aber als K Br-Pressling) das gleiche 
Spektrum wie in Nujol (vgl. [4, 21]). Zur Aufnahme der Spektren im NaCl-Bereich 
verwendeten wir den PE 21, im KBr-Bereich z. T. den PE 21, z. T. den PE “‘Infra- 
cord”, im LiF-Gebiet den Leitz-IR-Spektrographen. 


Zusammenfassung 

Das IR-Spektrum des Acetamidinium-Ions [H,C-—C(NH,),]* im Chlorid und 
in Salzen mit komplexen Anionen vom Typ MeCl, sowie das Spektrum des deuterier- 
ten lons{ H,C—C(ND,),]* wird unter Zugrundelegung eines C ,,-Modells zugeordnet. 
Es ergibt sich aus dem Spektrum eindeutig, dass das Ion obige Struktur besitzt. 
Beim Vergleich mit den Spektren isoelektronischer lonen sowie durch die Banden- 
verschiebung bei der Deuterierung erwies sich die von Davies und Parsons [3] 
gegebene Zuordnung des Ions nur z.T. als richtig. Die Vorteile der Verwendung von 
Salzen mit komplexen Anionen fiir die IR-Untersuchung organischer Kationen 
[4] werden herausgestellt. 


Anerkennungen—-Dem ‘“‘Fonds der Chemie” und der ‘Deutschen Forschungsgemeinschaft”’ 
danken wir fiir die Unterstiitzung der Arbeit. 


W. Kurze.nice, G. NoNNENMACHER und R. Mecke, Chem. Ber. 93, 1279 (1960). 
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Spektroskopische Untersuchungen an organischen Ionen—II 
Das Infrarot-Spektrum des Guanidinium-Ions in verschiedenen Salzen 


R. Mecke und W. 
Institut fiir physikalische Chemie der Universitat Freiburg i. Br. 


(Received 23 May 1960) 


Abstract 


Differences in the spectra are attributed to hydrogen bonding to the anions of different strengths. 


The vibration frequencies of the guanidinium ion in a series of salts has been measured. 


Das Guanidinium-Ion stellt das klassische Beispiel eines ‘‘mesomerie-stabilisierten”’ 
Carbenium-lons dar, seine Struktur wird i.a. als “‘Resonanzhybrid” der vier 
Grenzformeln (I-IV) beschrieben, (von denen I], III u. IV durch Drehung um 
60° auseinander hervorgehen) [1,2]. Eine quantenmechanische Berechnung des 
Guanidinium-lons fiihrte neuerdings Pao.tini [3] durch. Bedenkt man die hohe 
Symmetrie des Ions (D,,), so ist es eigentlich verwunderlich, dass detaillierte 
IR-spektroskopische Untersuchungen an ihm erst aus jiingerer Zeit stammen [4]. 
Das mag z. T. damit zusammenhingen, dass die Absorptionsbanden der bekannten 
Guanidiniumsalze ausserordentlich breit und schlecht definiert sind. Die Breite 
der Banden ist offenbar auf Wasserstoffbriickenbindungen zuriickzufiihren, wobei 
a priori zwei Méglichkeiten denkbar sind: N—H - - - N-Briicken zwischen benach- 
barten Guanidinium-lIonen oder H-Briicken vom Guanidinium-Ion zum Anion. Fiir 
letztere Méglichkeit sind heute eine Reihe eindeutiger Beispiele in anderen Fallen 
bekannt [5, 7, 8, 13]. Betrachtet man die Kristallstrukturen der drei Guanidinium- 
halogenide {9-11}, so erkennt man, dass aus geometrischen Griinden eine N—-H 
-++ N-Wasserstoffbriicke gar nicht méglich ist. Der N---N-Abstand benach- 
barter Ionen betriigt etwa im Guanidiniumbromid [6] 3,71 A. In friiheren Veréf- 
fentlichungen [6, 12, 13] wurde auseinandergesetzt, wie man durch geeignete Wah! 


NH, 


(11)-(1V) 


H. Lecuer, Ber. deut. Chem. Ges. 56, 1326 (1923); Ann. Chem 
(1927). 

{2} W. Mape.unea, Ann. Chem. Liebigs 488, 35 (1922). 

L. Paowint, Gazz. chim. ital. 89, 957 (1959). 


Liebigs 488, 154 (1924); 


455, 139 


C. L. ANGELL, N. SHeprarp, A. Yamacucui, T. T. Miyazawa und 8S. 
Trans. Fareday Soc. 53, 589 (1957). 

{5} R. D. Watpron, J. Chem. Phys. 21, 734 (1953). 

(6) W. Kurzecniec und R. Mecke, Rev. universelle mines 15, 456 (1959). 

| 


V. Caavorti und C. Fur.ant, Atti. accad. naz. Lincei VIII, 24, 633 (1958). 


| 
[8] H. Lunn, Acta Chem. Scand. 12, 298 (1958). 
[9] W. THeracker, Z. Krist. 76, 303 (1931). 
W. THeracker, Z. Krist. 90, 51 (1935). 
W. THermacker, Z. Krist. 90, 256 (1935). 
R. Meckxe und W. Spectrochim. Acta 16, 1216 (1960). 
[13] W. Kurzetnice und R. Mecke, Vortrag Bunsentagung, Bonn (1960). 
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Tabelle 1. Die Normalschwingungen des Guanidinium-lons in verschiedenen Salzen 


H,N—C 


Symmetrie Dg, 


CO, NO, clo, 
Zuordn (wasr. Lag.) (krist.) 


3340 (4p) 1a 
2 ONH, 1625 (Op) la 
L015 (Sp) C1) L007 (2) 1010 (0) 


725 (1) 22 (1) ? ? 


Ss yNH, \ 520 (Ssb 565 (Ssb) 


9 EE’ wNH 3400 (10b) 3330 (10b) 3440 (10b) 3452 (10) 
10 vNH 3320 (Sb) 3135 (Sb) 3240 (Sb) 3373 (9) 
1! o 1670 (ldp) 1650 (10) 1669 (10) 1678 (10) 1672 (8) 
12 AN H, 1565 (2dp) 1550 (6) 1575 (6) 1587 (6) 1572 (4) 
i3 epNH, 1140 (0) LISI (4) 1163 (3) 1181 (4) 


536 (4dip) 520 (Ss) S539 (S) 


S30 (0b)? 


cob 


is 


des Anions die Stérung des Spektrums eines Kations durch Wasserstoffbriicken 
weitgehend vermeiden und sich dem Spektrum des hypothetischen freien lons 
nihern kann. In Tabelle | sind die Frequenzen einer Reihe von Guanidinium- 
salzen zusammengestellt, zusammen mit den Werten und der Zuordnung von 
ANGELL et al. {4), die als gesichert angesehen werden kann. In Abb. | findet sich 
eine Auswahl der Spektren. 


Die Salze mit Anionen, die auch unter anderen Bedingungen gern starke 
Wasserstoffbriicken mit geeigneten Protonendonatoren eingehen [8] wie Chlorid, 
Bromid, Iodid, Nitrat, Carbonat, weisen siimtlich sehr breite Banden auf mit 
verhaltnismissig niedrigen yNH-Frequenzen. In den Salzen, deren Anionen eine 
solche Neigung nicht oder nur in geringem Masse zeigen wie Perchlorat, Hexachloro- 
Stannat, -Platinat und -Antimonat, sind die Banden des Guanidinium-lons 
schirfer, vor allem im 3ya-Gebiet. Eine Lésung des Hexachloroantimonats in 
Acetonitril zeigt praktisch das gleiche Spektrum wie das kristallisierte Salz. 

Ahnlich wie wir das an verwandten Verbindungen, z.B. dem Acetamidinium-lIon 


[12] feststellten, finden sich auch hier im 3u-Gebiet mehr Absorptionsbanden als 
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Tabelle 1 (cont.) 


d,-( suanidinium 


Cl- (IR) 


SnCl,2 SbCI, 


3457 (6)? 


1635 (sh)? 2433 (6p) 
2 1278 (1p) 
3 1003 (1) 1012 (5) LOLO (1) 921 (8p) 


720 (2) 
* 


712 (0) 720 (sh) 


455 (Sb) ? 


720 (1) 
455 (6b) 


2560 (9) 


2580 (7) 


3462 (9) 3425 (9) 3495 (9) 


10 3360 (6) 3350 (9) 3385 (10) 2410 (7) 2410 (9) 

11 1667 (8) 1664 (10) 1656 (10) L587 (8) 1590 (9) 

12 1577 (4) 1572 (8) 1555 (5) 1186 (2) 1160 (4) 1193 (ldp) 
13 L131 (3) 1134 (8) 1119 (4) 909 (4) 920 (3) 

14 519 (sh) ° 551 (2) 480 (2b)? ° 459 (3dp) 


(4) [18] 


Literatur 


Absorptionen der Anionen: 
NO,~ 1389(10) 1361 (10) @,, 823 (5) 
CO,?~ 1395 (9) @,, 883 (4) T. 
ClO, 1075 (8) 

* Mit KBr-Prisma wurden bei diesen Salzen keine Aufnahmen gemacht. 


[R-aktiven Grundschwingungen entspricht (beim Guanidinium-lIon waren das nur 
zwei), die ‘‘iiberzihligen’’ Banden lassen sich aber auch hier zwanglos als Ober- und 
Kombinationsténe deuten, deren Intensititen dadurch, dass ihre Frequenz nahe 
derjenigen einer yNH-Grundschwingung ist, stark angehoben sind (Tabelle 2). 

Die Frequenzen der NH-Valenzschwingungen liegen in den Salzen mit kom- 
plexen Anionen bei 3480 und 3380 cm~!. Bedenkt man, dass sie in den hypo- 
thetischen freien lonen vermutlich noch etwas héher liegen (vgl. [6]), so sind das 
Werte, die deutlich tiber denen aliphatischer Amine liegen, die nach ORVILLE- 
Tuomas et al. [14] im Gaszustand bei ca. 3420 und 3340 cm~! absorbieren. Ahnlich 
hohe Werte findet man nur bei aromatischen Aminen (Im Gaszustand ca. 3480 
und 3410 em~![14]) und Saéiureamiden (Acetamid [15] als Gas absorbiert bei 3550 
und 3450 em~'). Die Lage der NH-Valenzschwingungen ist offenbar ein Kriterium 
dafiir, ob der Stickstoff sp,- oder sp,-hybridisiert ist (vgl. [14] und [16}). 

Bei einem Vergleich der verschiedenen Guanidiniumsalze fallt noch auf, dass 
in den Salzen mit starken Wasserstoffbriickenbindungen (Chlorid, Nitrat) die 
yNH,-Bande (v,,) ausserordentlich breit mit dem Maximum bei ca. 550 cm~* ist, 


W. J. A. E. Parsons und C. P. Oypen, J. Chem. Soc, 1047 (1958). 
[15] W. Kurzecnice. Dissertation, Freiburg i. Br. (1960). 
[16] W. J. Orvitie-THomas, Vortrag Mol. Spektr. Tagung, Freiburg, Juli (1957). 
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Abb. 1. Die IR-Spektren einiger Guanidinium-Salze. 
(a) Guanidinium-chlorid fest in KBr. 
(b) Guanidinium-nitrat fest in KBr. 
(c) Guanidinium-hexachloroantimonat (1-7,5 Paste in Hostaflonél, 7,5-25 in Nujol). 


in den Salzen, deren Anionen das Spektrum des Guanidinium-lons weniger 
beeinflussen (Hexachlorostannat, Hexachloroantimonat) aber deutlich scharfer 
mit einem Maximum bei 450 em~'. Wir beobachteten regelmissig [6, 12, 13] dass 
eine Verschiebung der NH,-Valenzschwingungen durch H-Briickenbindung nach 
niedrigeren Frequenzen Hand in Hand geht mit einer Verschiebung der NH,- 
Deformationsschwingungen nach héheren Frequenzen. 

Schliesslich sei darauf hingewiesen, dass die IR-verbotene totalsymmetrische 
Valenzschwingung (v,) bei praktisch allen Salzen auftritt, was darauf schliessen 
lisst, dass die site-Symmetrie [17] des Guanidinium-lons in allen diesen Salzen 
geringer als D),, ist. Ferner fallt auf, wie verschieden intensiv die Absorption der 
NH,-rocking-Schwingung (v,,) in den verschiedenen Salzen ist. Wiahrend sie im 
Chlorid nur andeutungsweise zu erkennen ist, tritt sie in den anderen Salzen sehr 
deutlich auf, beim Hexachloroantimonat ist sie im Vergleich zu simtlichen 


R. 8. Hatrorp, J. Chem. Phys. 14, 8 (1946). 
| J. W. Orvos und J. T. Epsay, J. Chem. Phys. 7, 632 (1939). 
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Spektroskopische Untersuchungen an organischen Ionen—II 
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Abb. 2. Die IR-Absorption einiger Guanidinium-Salze im 3 u4-Gebiet (LiF Prisma), 
(a) Guanidinium-perchlorat (in Hostaflonél). 

(b) Guanidinium-hexachlorostannat (in Hostaflonél). 
(c) Guanidinium-hexachloroantimonat (in C,Cl,). 

(d) Guanidinium-hexachloroplatinat (in Hostaflondél). 


Tabelle 2. Die IR-Absorption einiger Guanidiniumsalze im 3u-Gebiet 


Zuordnung 
(vgl. Tabelle 1) 


Anion 


clo, SnCl,2 PtCl,? SbCl, 


3462 (10) 3425 (10) 3495 (10) 


3452 (10) 


3457 (6) v4? 
3373 (9) 3360 (9) 3350 (9) 3385 (10) "0 
3292 (8) 3284 (8) 3274 (9) 3299 (3) Ye 


3227* (7) 3214* (6) 3220 (sh) M4, + 42 
3206 (6) 3198* (2) 


* u.U. zwei nicht aufgeléste Banden. 


anderen Salzen wesentlich schirfer. Die Deutung der schwachen Bande bei 
816 cm-! im Chlorid ist ungewiss (wahrscheinlich handelt es sich um einen Kom- 


binationston). 
Experimentelles 
Guanidiniumchlorid und Guanidiniumecarbonat wurden als handelsiibliche 
Priparate (Riedel de Haen) verwendet, die zuvor aus Alkohol bzw. Alkohol/ 
Wasser umkristallisiert wurden. Das Nitrat und das Perchlorat erhielten wir 
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durch Neutralisieren des Carbonats mit den entsprechenden Siuren. Das Hexa- 
chlorostannat, Hexachloroplatinat und Hexachloroantimonat stellten wir genau 
wie die entsprechenden Acetamidiniumsalze [12] dar. Auch die Deuterierungs- 
methode, die Priparations- und Aufnahmetechnik sowie die verwendeten Spektro- 
graphen waren gleich wie in unserer Arbeit tiber das Acetamidinium-lon [12]. 


Zusammenfassung 


Die Normalschwingungen des Guanidinium-lIons in einer Reihe von Salzen werden angegeben. 
Unterschiede der Spektren werden auf verschieden starke Wasserstoffbriicken zum Anion 
zuriickgefihrt. 
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RESEARCH NOTES 


Normal co-ordinate treatment of high polymers—I 
Skeletal vibrations of helical polymer chains of the type (-CH,—),, 


(Received 27 June 1960) 


INFRARED spectra of a number of high polymers in helical conformations have been 
extensively studied. However, it appears that no paper has ever been published on normal 
co-ordinate treatments of helical chains. In the present series of studies, normal co-ordinate 
treatments have been carried out on the skeletal vibrations of helical polymer chains 
of the type, (—CH,—),, (—CH,—O—),, and (—CH,—CH,—O—),,, and the infra-red 
(or Raman) frequencies have been calculated for various chain conformations, primarily 
for the purpose of finding out the correlations between the chain conformations and the 


vibrational spectra in the low-frequency region. 
The selection rule for infinite helical chains has been discussed [1] by HieGs and by 


VC Le 
16 Liane et al. For polymer chains with two-fold axes intersecting the helix axis at right 
1960 angles, there are four symmetry classes of optically active vibrations, A,(0), A,(0), E(y) 


and (27), where the numbers in the parentheses are the phase differences 6 between 
identical motions in adjacent chemical units and 7 is the angle relative to the helix axis 
which separates identical atoms in adjacent units. A,, L(y) and £(27) vibrations are 
Raman active. The A, and £(;7) vibrations are infra-red active and give rise to paral.cl 
bands and perpendicular bands, respectively. 

The number of normal modes in each symmetry class depends upon the number (per 
chemical unit) of atoms on the two-fold axes, p’, and the number of atoms not lying on 
the two-fold axes, p”. Thus the number of normal vibrations of the A,, Ag, B(z) and £(27) 
species are p’ + 3p"/2, 2p’ + (3p"/2) — 2, 3(p’ + p") — 1 and 3(p’ + p"), respectively. 

The frequencies of the normal vibrations of an infinite chain depend upon the phase 
difference 6. For the frequency calculation WiLson’s GF matrix method [2] may be used with 
the internal co-ordinates such as the bond stretching (7), angle bending (d) and torsional 
co-ordinates (7). In accordance with the phase angle of 6, the G and F matrices are trans- 
For each symmetry class 


formed by the unitary matrix as given in a previous paper [3 
the redundant co-ordinates are removed and the vibrational frequencies may be calculated 
by solving the secular equation |((0) F(0) Ei(0)| 0. The redundant co-ordinates of 
helical polymer chains involve the torsional co-ordinates as well as the stretching and bending 
co-ordinates; therefore, the torsional co-ordinates are essential in treating the normal 


vibrations of helical chains. 

An infinite n-paraffin chain may be regarded as a polymer chain of the type (—A—),, 
if the methylene groups are treated as single dynamic units. For the frequency calculation 
the Urey-Bradley potential function [4] with the potential constants (in 10° dyn/em) 


[1] P. Hiees, Proc. Roy. Soc. (London) A 220, 472 (1953); C. Y. Liane and 8, Krima, J. Chem. Phys. 25, 
563 (1956). 
| E. B. Wiison, J. Chem. Phys. 9, 76 (1941). 
3] T. Mryazawa, J. Chem. Phys. 32, 1647 (1960). 
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of K, = 40, K, = 0-40 and K, (repulsion) = 0-35 was used; however, the potential 
hindering internal rotation about the C—C bond was also taken into account. The torsional 
potential constant of K, = 0-045 corresponds to a potential barrier of 3 keal/mole. The A, 
and £(y) frequencies were calculated for various internal-rotation angles as shown in Fig. 1. 

The internal-rotation angle is 180° (trans) for the planar zig-zag chain, and the calculated 
frequencies of 1078 and 1138 cm~! agree with the observed values (n-cetane) [5] of 1058 


Internal-rotation ongie, degrees 


Fig. |. Vibrational frequencies vs. internal-rotation angles. 


and 1135 cm~', respectively. The internal rotation angle, on the other hand, is 0° (cis) for 
cyclopentane (the bond angle being 108°), and the calculated frequencies of 892 and 1005 


cm! 


again agree well with the observed values [6] of 888 and 950 cm-. respectively. 

As seen from Fig. 1 the higher frequencies do not change much with the internal-rotation 
angle whereas the lower E(y) frequency changes sensitively with the conformation of the 
polymer chain, suggesting the applicability for spectroscopic determination of chain 
conformations. Polytetrafluoroethylene has been found to have slightly twisted zig-zag 


chains [7] with the internal-rotation angles of about 160°. The lower E\z) frequency of the 


backbone chain of this polymer is calculated to be 100 cm-!. The infra-red band observed (1) 


at 102 em~' (or 124 em~) is considered to be due primarily to this low-frequency mode. 


Tn atilute for Prote i” Re arch TATsvo Miyaz AWA 
Osaka University, Kitaku 
Osaka Japa ” 


T. Sarmanovucnat, J. Chem. Phys 17, 245, 734, 848 (1949 

S. Mizusuima and T. Suimmanovcnt, J. Am. Chem. Soc. 71, 1320 (1949) 
6) See for example: J. E. Krvparricx, K. 8. Prrzer and R. Sprrzer, J. Am. Chem. Soc. 69, 2483 (1947). 
7) C. W. Boww and E. R. Howers, Nature 174, 549 (1954 
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Normal co-ordinate treatment of high polymers—II 
Skeletal vibrations of helical polymer chains of the type (—CH,—O—),, 
(Received 27 June 1960) 


A METHOD of the normal co-ordinate treatment of helical polymer chains by the internal 
co-ordinates was briefly described in Part I [1]. The normal vibrations of helical chains 
may also be calculated using Cartesian displacement co-ordinates. The method involved 
in the latter treatment may now be briefly described. Since the normal modes of helical 
chains depend upon the phase difference 6 between identical motions in adjacent chemical 
units, a set of Cartesian symmetry co-ordinates corresponding to genuine vibrational 
modes are constructed in accordance with the phase difference 6. The vibrational kinetic 
energy is expressed in terms of those symmetry co-ordinates, and the kinetic-energy matrix 
G(d) is derived. Corresponding to each symmetry co-ordinate the changes in the internal 
co-ordinates, such as the bond stretching, r, angle bending, ¢, and torsional co-ordinates,r, 
and the distance between nonbonded atoms, q, are calculated by the use of s vectors [2], 
and the potential-energy matrix F(6) is expressed in terms of Cartesian symmetry 
co-ordinates. The vibrational frequencies for the phase difference 4 are calculated by 
solving the secular equation |G(d)F(d) 0. 

Polyoxymethylene may be regarded as a polymer chain of the type (—A—B—), if the 
methylene groups are treated as single dynamic units. The bond lengths and internal- 
rotation angles of this polymer are expected to be the same and the chain will probably 
have two-fold axes through oxygen atoms and methylene groups. Therefore there will 
be two A,, two Ag, five £(y) and six £(27) normal modes (p’ = 2 and p” = 0) {1}. The 
potential function used for the frequency calculation was the Urey—Bradley force field [3]. 
The potential hindering internal rotation around the CH,—O bond was also taken into 
account since the torsional degree of freedom is essential in treating helical polymer chains. 

Since the masses of the oxygen atom and the methylene group are not much different, 
the Cartesian symmetry co-ordinates for the polymers of the type (—-A—-A—),, were used 
for the frequency calculation of polyoxymethylene: the co-ordinate with 6 =0 and one 
co-ordinate with 6 = 7 for the A, species; the other two co-ordinates with 6 = 7m for the A 


species; and the two co-ordinates with 4 7 2 and the three co-ordinates with 6 yi2+a4 


for the E(7) species. (It may be seen that these phase differences should actually be doubled 
for polymers of the type (—A—B—),.) The G and F matrix elements associated with the 
symmetry co-ordinates of the same 6 were found to be expressed in terms of 
(1/ Moy, + 1/Mo)/2 = K(CH,—O), [K4(O—CH,—O) + K,(CH,—O—CH,)]/2 = Ky", 
[K (O—CH,—0O) + K,(CH,—O—CH,)}/2 K,*, and K.(CH,—O), whereas the elements 
associated with the symmetry co-ordinates having different 6’s were expressed in 
terms of (1/ Mey, — 1/Mo)/2 = [K,(0—CH,—O) — K,(CH,—O—CH,)}/2 = K,-, and 
[K (O—CH,—O) — K,(CH,—O—CH,)]/2 = K,-. The A,, A, and E(z) frequencies were 
calculated for various internal-rotation angles using the potential constants (in 10° dyn/cm) 
of K, = 4:5, K,* = 0-40, K,* = 0-35 and K, = 0-045 where A,~, K, and w~ were neglected 
in the first approximation. The results are shown in Fig. 1. The £(7) frequencies on the 
solid lines were calculated by the symmetry co-ordinates with 6 = 7/2 while those on the 
broken lines (Fig. 1) by the co-ordinates with 6 = 7/2 + 7. It will be seen that the frequen- 
cies below 700 cm~! change quite sensitively with the internal-rotation angle. Two 


T. Mryazawa, Spectrochim. Acta 16, 1231 (1960). 
E. B. Wiisown, J. Chem. Phys. 9, 76 (1941). 
T. Surmanovucat, J. Chem. Phys. 17, 245, 734, 848 (1949). 
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perpendicular bands of polyoxymethylene due to the E(z) vibrations have been observed [4] 
at 633 and 458 cm™~!, and from the present approximate calculation the internal-rotation 
angle of this polmer may be estimated to be r = 70-100° in agreement with the value of 
75-77° calculated for Hueers’ model.* With this model the low-frequency parallel band 


due to the A, mode is expected at about 250 em~?. 


1200 


Internal-rotation angie, degrees 
9 eg 
Fig. 1. Vibrational frequencies vs. internal-rotation angles. 


The E(z) frequencies of Hvucerxs’ model were then calculated taking A, O15 


and «~ into account. The calculated frequencies were 1099, 1036, 633, 459 and 20 em~!. 
In the region above 900 ecm 1 the methy lene rocking modes should also be considered in 
assigning the observed infra-red bands [4]. The skeletal bending frequencies, 633 and 459 
em~!, now agree quite well with those observed. In conclusion it may be pointed out that 


the low-frequency vibrations are useful for spectroscopic determination of chain con- 
formations, and for this purpose the normal co-ordinate treatment of the skeletal vibrations 
is quite informative. 
Tatsuo MIYAZAWA 

Institute for Protein Research 
Osaka University, Kitaku, Osaka, Japan 

* The bond angle and the internal rotation angle of the HuGGrns’ model were calculated to be 105 
115° and 75-77" (cis being 0°), respectively, assuming the ¢ O bond length of 1-43-1-49 A [5}. 


4) A. Novak and E. Waatiey, Trans. Faraday Soc, 55, 1485 (1959). 
5) M. L. Huears, J. Chem. Phys. 18, 37 (1945) 
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REPORTS OF MEETINGS 


The Eleventh Annual Symposium on Spectroscopy 


June 20-23, 1960 


THe Eleventh Annual Symposium on Spectroscopy, sponsored by the Chicago 
Section of the Society for Applied Spectroscopy, was held in June 20-23, 1960. 
Titles and abstracts of papers presented at the meeting were as follows: 


; Infrared Spectroscopy 
Molecular spectra of polymer molecules: (:. 8. 8. M. SurHeR LAND, National Physical Laboratory, 
England. (A review.) 
Vibrational spectra of linear polymer: J. Rup Nie sen, University of Oklahoma. (A review.) 
— General principles and methods for the infrared study of polymers: ©. Y. Lianc, American 
vwale Viscose Corporation. 
’ + The general principles and methods for the infrared study of polymers are discussed. In 
. this discussion the following six topics were considered: (1) Group frequencies and model 
eae alt compounds. (2) Deuteration. (3) Crystalline and amorphous bands. (4) Orientation and 
: polarization measurements. (5) Approximate normal co-ordinate analysis. (6) Group theoretical 
. analysis. As examples, the infrared spectra of a number of natural and synthetic polymers will 
q be given and analyzed. 


The infrared spectra of polypropylene: J. ?. Luonco, Bell Telephone Laboratories, Murray 
Hill, New Jersey. 


The structural configurations that distinguish the atactic phase from the isotactic phase 


in poly props lene give rise to infrared spectra characteristics of each phase. The relation between 


the spectra of polypropylene samples of known atactic/isotactic content in comparison to the 


spectra of isotactic polypropylene during the onset of crystallinity is discussed. 


A method for determining isotacticity is proposed which is based on the atactic and isotactic 


sensitive bands. The method is independent of the physical nature of the sample, molecular 


weight distribution and the presence of stabilizers which effect the presently used extraction 


method. 


The formation of degradation products was followed during accelerated oxidation. It is 


evident from the infrared spectra of oxidizing samples that polypropylene with its numerous 


tertiary carbons oxidizes more quickly than polyethylene. As a result the transition point from 


the induction state to the autocatalytic phase is more abrupt than that found in polyethylene. 


The type of unsaturation was also determined and its presence confirmed by chlorination. 


Preparation, physical properties and infrared studies of several alkyl and aryl-phosphoric acids: 
D. F. Perrarp, J. R. Ferraro and G. W. Mason, Argonne National Laboratory, Lemont, 


Illinois. 


Several alkyl and aryl-phosphoric acids of the type (GO),PO(OH) have been prepared. 
The physical properties of these compounds, including cryoscopic moleclar weights and_ infra- 


The cryoscopie and infrared data indicate the existence of strong 


red spectra are presented. 
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hydrogen bonding in these compounds; and it is postulated that strong hydrogen bonding is 
typical of this class of acids 

Previously several organophosphoric acids of the type (GO),PO(OH) were shown to be 
dimeric in benzene and to display strong intermolecular hydrogen bonding. Several other acids 
of this type have been prepared, and this paper describes the results obtained for them. 


Vibrational spectra of 3-methyl butene-1: Josernu 8. Zromex, DePaul University and J. E. 


Forretre, Borg-Warner Research Center. 


The study of Raman, near infrared and infrared spectra of 3-methy! butene-1 have led to 
the characterization of the frequencies associated with probable models of this molecule. 
Examination of similar compounds has yielded sufficient correlation to provide an extensive 
relation of the number and position of absorption bands related to the isopropyl and viny! 
vibrations. The evidence gathe red from these data would sugyest the most probable model to 
be a Cs type. By the use of the data thus assembled, it was possible to attempt a detailed 
frequency assignment of the spectra produced by this molecule and this procedure will be reported. 


Photometric accuracy of infrared spectrophotometers: James E. Stewart, Beckman Instru- 
ments, Inc., Fullerton, California. 

Errors in infrared photometric measurements fall into three categories: (1) Errors associated 
with the sample due to intermolecular interaction, temperature effects, reflection, scatter, and 
particle size effects; (2) errors introduced by the instrument because of the characteristics of 
detector, amplifiers, servos, potentiometers, optical attenuators, source, and stray radiation; 
and (3) errors involving the interaction of sample and instrument such as slit function, band 
width effects, defocusing by thick samples in convergent radiation, and orientation-polarization 
effects 

Some methods of measuring photometric accuracy will be discussed including the Beer's 
law test fallacy, use of standard filters, mapping of attenuator comb contours, and the use of 


rotating sector disks 


Normal co-ordinate treatment of hydrazine: Manrrep D. Zerpier and Josern 8. Ziomexk, 
DePaul University, Chicago, [llinois. 


Infrared and Raman spectra for hydrazine were collected and examined for the most 
probable values for the wave numbers, intensities, and depolarization factors. Also the frequency 
assignments were examined on the basis of the C, model. Then a normal co-ordinate treatment 

FG-matrix method) was conducted for this model. /-matrix elements adopted from NH, were 
used as a first approximation and then adjusted to give calculated wave numbers in good 
agreement with experiment. The final F-elements were then used to calculate the wave numbers 


for N,D,. The possibility of a different model for hydrazine will be discussed briefly. 


Deuterium analysis of deuterated tissues and compounds by infrared spectroscopy*: H. L. 

Crespi, M. R. Tuomas and J. J. Karz. 

Deuterium concentrations in aqueous samples ranging from 0 to 100 at. per cent deuterium 
may be obtained quickly and simply by near infrared analysis. Depending on the level of 
deuterium in the sample, microcells with an optical path of 1 or 2 mm are used to obtain optical 
densities at 1-44 and 1-66 ~. Analyses may be done on as little as 20-30 yl. of sample and, 
unlike the density and refractive index method, tedious sample purification is unnecessary. 

tesults obtained on urine, serum, and tissue water samples and on the water of combustion of 
various tissues and compounds will be given. 

A method has also been developed for the determination of exchangeable hydrogen in 
organic compounds that utilized the infrared in the 2000-4000 cm™ region. This region contains 
stretching absorption bands for OH and OD of methanol. The compound in question is dissolved 
in an excess of CH,OD so that deuterium is introduced into all exchangeable hydrogen positions. 
The solvent is then removed in vacuum and replaced with an equimolar amount of CH,OH 
dissolved in CCl, After exchange, the solvent is collected by distillation and analyzed for 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
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relative amounts of OH and OD. Calculations then yield the number of exchangeable hydrogen 
atoms in the compound. Results obtained with chlorophyll A and B will be presented. 


The near infrared spectra and substitution on phenyl rings: Scorr ANpERrson, The Anderson 


Physical Laboratory, Champaign, Illinois. 


Absorption intensities of the first, second, and third overtones of the phenyl CH stretch 
have been measured for a large number of substituted phenyl compounds. The intensity ratios 


are independent of the substituent and depend only upon the number of carbons with substitu- 


tions. A method of employing near infrared spectra to determine the number of substituents on 
a phenyl compound will be described. 


Emission Spectroscopy 
Spectrochemical determination of uranium isotopic content: H. Muiii, U.S. Atomic Energy 


Commission. (A review.) 


The Foucault knife-edge test as an aid to the use of rotating step sectors: Ricnarp A. Carrican, 
Viceror Razrunas and STaNLEY NicHo“son, Armour Research Foundation, Chicago, 
Illinois. 


The use of a rotating step sector in front of the slit requires that the spectral lines should 
be vertically uniform in intensity before the sector is introduced. The method of attaining 


vertical uniformity by focusing the light source on the collimator may fail because of large 


focusing errors, especially in non-visible spectral regions or when crossed cylindrical lenses are 
used. Any given cone of light emitted from a point in the source must be either totally trans- 
mitted by the spectrograph or totally excluded by the collimator mask; otherwise, there will 


be discrimination against one or both ends of the slit. A simple procedure is described for using 


the Foucault knife-edge test to attain this necessary condition. 


The hollow cathode as an analytical source: Josern A. Go_es and James K. Bropy, Argonne 
National Laboratory, Argonne, Illinois. 


Investigations have been made with the Schiiler Gollnow type hollow cathode tube for the 


purpose of using it primarily as an analytical source to analyze fuel material employed in 


nuclear reactors. A number of unirradiated normal and enriched fissium alloys have been 


tested with the above tube using a 21 ft Wadsworth Jarrell-Ash grating spectrograph and 


photographic plates. Results obtained for molybdenum, ruthenium, rhodium, and palladium 


in the range of 2-5, 2-0, 0-3 and 0-2 per cent, respectively, compare favorably with the point-to- 


plane technique. 


The determination of micro quantities of hafnium and zirconium in uranium and thorium 
materials: M. G. Arwevi, H. A. HELLER and C. E. Perrer, National Lead Company of 
Ohio, Cincinnati, Ohio. 


Procedures for the determination of micro quantities of hafnium and zirconium in purified 


uranium products, in purified thorium products and in uranium ore concentrates were presented. 


The hafnium and zirconium are chemically separated and concentrated from the matrix 
with a 05M TTA (2-thenoyltrifluoroacetone) extraction of a HCl solution of the sample. 
Titanium, in solution is added to act as a coprecipitant and as a subsequent spectrographic 


internal standard. The hafnium, zirconium and titanium are precipitated as quinolates, the 


quinolates are ignited and the resultant oxide residues are analyzed spectrographically. Detailed 


descriptions of the sample preparation and spectrographic techniques are included. 


One microgram of hafnium and/or zirconium can be detected in the arc. A large range of 


analyses can be covered by varying the original sample size. 


The losses of hafnium and zirconium in the chemical separation have been determined, 


with the aid of Zr® and Hf!*! radioactive tracers, to be less than 5 per cent. The per cent limit 
of error for an individual determination of hafnium or zirconium, based on a 95 per cent confi- 


dence level, is approximately +15 per cent. 
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Temperature measurements from spectral line characteristics: aun M. Crirrix, Oak Ridge 

National Laboratory, Oak Ridge, Tennessee. 

At least two characteristics of spectral lines may lead to a value of the temperature of a 
light source. The electronic or excitation temperature of a source can be calculated from 
relative intensities of certain lines in the atomic spectrum of an element where the transition 
probability for the line, its excitation energy, and the statistical weights of the levels involved 
are known. Such a “temperature” has a very restrictive meaning if the emitting plasma is not 
in local thermodynamic equilibrium. However, this calculated temperature is not without 
value in that it may be a useful, descriptive parameter of the system. Llonic temperatures of 
gaseous discharges may be determined from the Doppler profile of the spectrum lines provided 
other sources of line broadening are either calculable or negligible. Examples of both types of 
determinations for high current, magnetically collimated, long carbon ares will be discussed. 


Comparison of some sources for the spectroscopic analysis of solutions: M. Marcosues and 
B. F. Scrrpner, National Bureau of Standards, Washington, D.C. 


As part of an attempt to develop new and improved spectrographic sources, a study is 
being made of the properties of several techniques commonly used for the spectrographic 
analysis of solutions. The techniques studied included the rotating disk and the spark-in-spray. 
The latter, though not in common use, was selected for study because published reports [1, 2, 3] 
indicate that it can give excellent analytical precision. For each technique a number of variables 
were investigated in terms of their effect on sensitivity and precision. These include electrical 
circuit parameters and electrode material, shape and spacing. Sensitivity of detection (defined 
as the solution concentration giving a line intensity equal to background) was measured photo- 
graphically for seven commonly determined elements. Estimates of precision were made from 
data collected with a photoelectric spectrometer, which provided better photometric accuracy 
than is possible by photographic methods and permitted the collection of a significantly large 
amount of data in a reasonable time. 

The sensitivities of detection found with the rotating disk electrode were close to those given 

Baer and HopGe [4]. The sensitivities for detection with the spark-in-spray were found to 
be poorer by factors of 2-10, depending on the element. However, the spark in-spray gave 
somewhat better precision than the rotating disk. In the analysis of samples approximating the 


composition of a solution of an 18-8 stainless steel, coefficients of variation of 0-5 per cent of 


the amount present were obtained for Ni, and 0-7 per cent for Cr with the spark-in-spray, as 


compare dto 1-1-5 per cent, respective lv. for the rotating disk 

Although the spark-in-spray technique requires careful control of atomizer position and 
sample flow rate for optimum results, it was found to be at least as convenient to use as is the 
rotating disk 


Spectrographic determination of beryllium traces in ores by means of the sifting electrode: Juin 
Czakow and Zoria WALEwskKa, Department of Analytical Chemistry, Institute of Nuclear 


Research, Polish Academy of Sciences, Warsaw, Poland. 


Semiquantitative spectrographic extrapolation method of beryllium traces determination 
in uranium ores has been elaborated. Unknown concentration « was determined by formula: 
a 2/(U 1), where z is the known “addition” of Be and J the relation of intensity of Be lines 
with and without addition (taking into consideration the intensity of the line of the internal 
vanadium standard Lines of Be 3130-4 A and 3110-7 A were applicated. The samples were 
excitated in the Feussner spark with the use of the tripartite sifter electrode from the electro- 
lytical copper. In calculation of the line intensity was taken into consideration a correction for 


1} F. W. Lampe, Ind. Eng. Chem. Anal. Ed. 18, 185 (1941). 

D. V. Evans and D. Jounstror, Metallurgia 51, 961 (1955). 
H. V. Matmstapr and R. G. Scnouz, Anal. Chem. 57, 881 (1955) 
W. K. Barer and E. 8. Hoper, Paper presented at the Pittsburgh Conference on Analytical Chemistry 
and Applied Spectrosc py. March, 1959. 


1238 


7 

VX 

19 
E 

pe 

4 

7 

mer 

“4 


Reports of Meetings 


the background. Range of determinations: 1-20 p.p.m. Coefficient of variation is: + 8-2 per 
cent. 


Spectrographic determination of trace amounts of rare earths: Zorisi Rapwan, Bozena 

STRAZYZEWSKA and Jerzy Urnczewsk!, Poland. 

A new simplified method for the determination of trace amounts of rare earths in HCl and 
EDTA-Na solutions has been developed. The solutions of rare earths and of the internal 
standard (palladium chloride) are evaporated on graphite powder and the sample is mixed with 
NH,NO,. Vertically placed copper electrodes have been used: the sifter electrode as cathode 
and the anode was a flat surfaced copper rod. As excitation source, a generator which combines 
a d.c. are with a Feussner spark, was used. The excitation was carried on in an atmosphere of 
a mixture of 80 per cent argon with 20 per cent oxygen, 

The obtained detectability of the method for La and Y as chlorides is 2: 107! wg per sample 
and for the same elements as versenates is 1: 107! yg per sample. 


The physics of excitation in high frequency discharges: J. vAN CaLker, Muenster, Germany. 

The physics of excitation in high frequency discharges, to some extent continuing last 
vear’s discussion, was given. Particular emphasis was placed on the time-steps and 
their importance to these discharges. A report on a new high-frequency plasma flame and the 
present experiences with this source were presented. Some aspects of flame photometry 
rounded out this presentation. 


Historical discussion on the purification of carbon electrodes: K. Mannkorrr, Goettingen, 
Germany. 


Spectrochemical determination of impurities in americium solution: FE. Vesvopa and A. J. 
Jounson, The Dow Chemical Company, Denver, Colorado. 


A solution d.c. are method has been developed for the impurity analysis of americium 
solutions. The method is capable of determining fifty elements in a concentration range of 
1 ug/l. using only 50 yl. of the sample solution. A carrier-buffer mixture is used to absorb the 
50 wl. of sample solution prior to excitation with a d.c. are. The impurity spectrum is recorded 
on a photographic plate and the impurity concentrations are determined by visual estimation 
and photometric procedures. 


Mechanism of enhancement of signal by organic solvents in flame photometry and atomic 
absorption spectroscopy: J. W. Rosinson, Esso Research Laboratories, Baton Rouge, 
Louisiana. 


It has been observed that organic solvents enhance the signal emitted by metals in flame 
photometry and in atomic absorption spectroscopy. Calculations show that temperature has 
only a minor effect on this phenomenon. An alternate mechanism based on the different 
combustion patterns of organic and aqueous solvents is proposed. 


Spectrographic analysis of air samples for beryllium contamination: M. |’. Brasu, Avco Corpora- 
tion, Wilmington, Massachusetts. 


A spectrographic technique for the determination of beryllium in atmospheric dust has 
been developed. Both a permanently installed low volume air sampler and a portable high 
volume sampler are employed for obtaining the air-borne dust samples. Solutions of the filtering 
media are used for spectrographic analyses, by a solution-spark technique using a rotating disk 
electrode. The method is sensitive to 0-05 ug of beryllium per cubic meter of air, with a coefficient 


of variance of less than 11 per cent in the 0-5-2 wg range. 


Spectrographic analysis of high purity tantalum: R. D. Lars, U.S. Industrial Chemicals Company. 


Tantalum metal is analyzed for thirteen impurity elements by using a carrier distillation 
technique. The metal is first oxidized in a muffle furnace at 900°C. If the sample is an alkali 
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salt of tantalum, the metals are first precipitated as the hydroxide, washed, and then calcined. 
The oxide is mixed with a special carrier made of silver metal, silver chloride and barium 
fluoride. A hundred milligrams of the sample plus carrier is packed into a deep cup electrode 
(UCP no. 1990) and burned with a 10-A d.c. are. A set of standards is included on each plate; 
the analytical curves are linear for the concentration range used. The method of standards 
preparation is explained in detail. The coefficient of variation is given for each element and 
varies from 3-0 to 8-7 per cent. 


Effects of room temperature fluctuations on a direct reading spectrograph: W. 1D. Asuny, 


Continental Can Company, Chicago, Illinois. 


Although temperature limits are often quoted for the control of a spectrographic laboratory, 
the values are ambiguous and often unobtainable in practice. 

The correlation of the actual loss in analytical precision with both the rate and magnitude 
of room temperature changes was presented. The two distinct factors, relative to temperature 
stability, which affect precision were discussed. It was shown that as muchas a + 6-0°F variation 
may be tolerated providing the rate of change is rapid enough. 


Flame spectroscopy: P. Gitspert, Beckman Instruments, Fullerton, California. (A review.) 


X-ray Spectroscopy 


X-ray spectrographic measurement of wax film thickness: EmMerr F. Kae and 
J. McEwan, Research Department, Inorganic Chemicals Division, Monsanto Chemical 
Company, St. Louis, Missouri. 

X-ray techniques are generally useful for measuring the thickness of surface layers. Pro- 
cedures based on both diffraction and fluorescence have been described for determining coating 
thickness from X-ray intensities measured either on the surface layer or on the base material. 

This paper described the application of X-ray spectroscopy to the measurement of wax film 
thickness. Colloidal silica is commonly added to floor wax emulsions to impart non-skid properties 
to the wax. Silica is also a frequent constituent of asbestos tile, to which the wax is applied. 

Equations based on the usual absorption equation were presented which relate silicon K-alpha 
intensity to film thickness for the cases in which (1) only the wax contains silica and (2) only the 
base material contains silica. 

Combination of the two equations permits thickness measurements for the novel case in 
which both wax and base material contain silica. 


Electron probe measurements of evaporated metal films: W. E. Sweeny, Jr., R. E. SeeBoip 
and L. 8. Birks, U.S. Naval Research Laboratory, Washington, D.C. 


Calibration curves of X-ray intensity vs. specimen thickness have been prepared for the 


electron probe microanalyzer by using evaporated films of Cr, Mn, Zn and Au in the 0-5000 A 
range. For each element, the X-ray intensity increased almost linearly with thickness; for a 


given thickness, the X-ray intensity increased (but not linearly) with atomic number. Using 
previously published data on electron excitation efficiency to calculate expected X-ray inten- 
sities, the measured values from Cr, Mn and Au were about 0-75 to 0-85 times the calculated 
value whereas Zn was about 1-25 times the calculated value. The variations are thought to 
result from some undetermined parameter such as density or internal strain. 


The determination of sulfur in gasoline by X-ray emission spectrography: Kicuarp A. Jones, 

Ethyl! Corporation, Research Laboratories, Detroit, Michigan. 

A procedure has been developed for the determination of sulfur in gasoline by X-ray spectro- 
graphy. The method is suitable for sulfur concentrations greater than 0-002 wt. per cent. In 
the method, sulfur-free diluent is added to one aliquot of the sample while an equal amount 
of diluent containing a known amount of sulfur is added to a second aliquot. Matrix effects are 
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thus avoided by using the sample itself for calibration purposes. The sulfur content of the 
sample is determined from the specific gravity of the solution containing no added sulfur, and 


the intensities of the sulfur Ka and of the background radiation for both solutions. 


Calculations based on equations derived from those on counting statistics given by Mack 
and SPIELBERG [Spectrochim. Acta 12, 169 (1958)] indicate that the amount of sulfur added 
must be at least 2-5 times as much as that present in the sample in order to obtain a given 


statistical precision in a reasonable counting time. If a lesser amount of sulfur is added, total 


counting time must be increased substantially for the same precision. It is quite important 


that the measurements be made as quickly as possible since certain sulfur compounds tend to 


uecompose upon prolonged exposure to the X-ray beam. It is shown how the total counting 


time can be divided between the measurements of the four intensities required for each sample 


so as to achieve a desired precision in the least time. Data are presented which give the fixed 


counts required for each of these intensity measurements for sulfur concentrations ranging from 
0-0002 to 0-15 per cent. 
The time required for an X-ray sulfur determination is about 20-30 min. Compared to the 


commonly used ASTM lamp method, the X-ray requires less time per sample for multiple 


determinations and considerably less elapsed time for a single determination. 


Since no empirical corrections are required, the X-ray method has advantages in accuracy. 


A standard deviation of less than 0-002 per cent sulfur is obtained for routine analyses. 


A theoretical treatment of low voltage continuous spectrum X-radiation: Norvat K. Hearn 
and JAMEs 8. Carson, Bendix Aviation Corporation, Kansas City Division. 


Continuous spectrum low voltage X-radiation may be treated in much the same manner as 


monochromatic radiation when an effective absorption coefficient is defined. Since the penetrat- 


ing power of the shorter wavelength X-rays is greater than that of the longer ones, this absorption 


coefficient, as it is defined, is a variable, and separate coefficients for a given material and 


thickness are presented. 


Coefficients which were calculated by this method have been employed in conjunction wiih 


a ratio technique to construct calibration curves for determining the thickness of plated layers 


of various metals with the X-ray spectrograph. The ratios obtained using this analytical method 


and those found by experimental means are compared. 


Determination of trace quantities of lead in textile materials by X-ray fluorescence: Grorce FE. 
Heinze, A. J. HUETTMAN and.J. N. Srtvertson, Johnson & Johnson, New Brunswick. N..J. 


An X-ray spectrographic method was reported for the determination of trace quantities of 


lead in various textile materials. The textile materials are first ashed in order to effect a higher 


concentration of lead. The resultant ash samples are then prepared using one of the two modes 


of sample preparation that were investigated, i.e. addition of sodium sulfate, grinding and 
briquetting, or acid solution and pipetting on filter paper. With variable matrixes, the addition 


of sodium sulfate provides a more uniform matrix and tends to eliminate absorption and 
enhancement effects. With either mode of preparation, a careful determination of the back- 


ground scatter must be made to achieve accurate results. The concentration range investigated 


is from 5-100 p.p.m. of lead in textile material. 


A new multi-channel X-ray vacuum spectrograph: FE. Davipson and B. R. Boyp, Applied 
Research Laboratories, Inc., Glendale, California. 


A new series of X-ray quantometers has been designed which present the analyst with a 


choice of expandable instruments best suited for his individual needs. 


Simultaneous, rapid analysis of all elements with atomic number above 11 can be achieved 


with either fixed or scanning monochromators. The optical paths for the soft X-ray region 


channels can be evacuated or filled with helium. 


Maximum flexibility for various applications has been stressed in the designs with the usual 


emphasis on instrumental stability and speed of analysis. 


Ease and safety in sample handling and vacuum tight detectors for the soft X-ray region 


are major design developments incorporated in these latest X-ray fluorescence instruments. 
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The determination of manganese, silicon, phosphorus and sulfur in pig iron: Ww. RK. Kivey, 
Philips Electronic Instruments, Mt. Vernon, New York. 


The Norelco Autrometer, an automatic X-ray spectrograph, was described for the determina- 
tion of manganese, silicon, phosphorus and sulfur in pig iron. Data were presented for the 
construction of calibration curves and evaluation of the X-ray spectrograph for this problem. 


The RCA vacuum tunnel for X-ray spectrochemical analysis of light and heavy elements: \V. FE. 


BuaRKE, Radio Corporation of America, Camden, New Jersey. 


A general description of the RCA vacuum tunnel was given. The description included 
information such as the times which are required for evacuation of the tunnel and changing 
samples, size of sample chamber, types of analyzing crystals used, etc. Results of some typical 


analyses were also given. 


Substantial efficiency improvements for small atomic number elements in X-ray spectrometer: 
H. Pickett, General Electric Company. 


The prediction of interelement effects in X-ray spectrography: 8. J. Mrrene.., Union Carbide 

Metals Co., Niagara Falls, New York. 

\ method was described for the general prediction of absorption effects which permits the 
selection of an appropriate means for their correction and the choice of analytical lines subject 
to a minimum absorption. Inter-element effect prediction is based on a study of the mass 
absorption coefficients of the sample matrix and the relative positions of emission lines to 
absorpt ion edges. General rules are developed for combinations of two, three or more elements, 


according to their atomic number, and examples of each are presented. 


The use of weighted, thin-section samples in a study of chemical state and matrix effects in 
fluorescent X-ray spectrography: Meriyn L. SaLmon, Fluo-X-Spee Laboratory, Denver, 
Colorado 
Two important effects to be considered in fluorescent X-ray spectrographic analysis of 

minerals are the matrix effects and the effects of chemical state (compound form) of the element 

in question. Many systems of calibration have yielded satisfactory bases for correction of the 
matrix effects with simple procedures but, the necessary steps for correction of chemical state 
effects generally require that the sample actually be converted to a standard state if there are 
several compounds involved in a suite of samples. If there is no conversion to a standard state, 
it is necessary to know the chemical state of the element in each sample for reference to the 
proper calibration system 

Fluorescent X-ray spectrographic analyses are generally based on the exposure of a constant 
sample area to the primary X-ray beam. With the exception of thin films, the sample is infinitely 
thick with respect to the greatest depth of emergence by fluorescent X-radiation from the 
element in question. Reports of investigation of thin films by several workers (RHopiIN; 

PreirreR and ZemMany; FEevLTeEN, FANKUCHEN and STEIGMAN) indicate decreasing matrix 

effects as the sample thickness is reduced below that corresponding to maximum fluorescent 

X-radiation intensity for a particular element. 

Thin sections of finely ground mineral samples are prepared for use as absorption filters in 
fluorescent X-ray spectrographi« absorptiometric analyses. These samples are prepared by 
weighing the quantity of sample and spreading it as a thin layer between two tightly stretched 


layers of Mylar held over the face of a Caplug EP-14 sample holder by plastic curtain rings. 


This thin filter section can also be exposed in the primary beam as a sample and preliminary 


evaluation ot these we iwhed, thin section samples ot fir ly ground minerals indicates corrobora- 
tion of previous reports of decreasing matrix effects and also indicates a possible method for very 


simple correction of chemical state effects. 
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Theoretical and experimental studies of X-ray fluorescent intensities and calibration curves for 
different matrices: L. Ciark, University of Illinois, and Raymonp H. Hunt, Tulane 


University. 


Relative intensity values and calibration curves are theoretically evaluated by expressing 


the X-ray emission spectrographic intensity of a given line as a function of concentrations, 


wavelengths, and emission and absorption coefficients. Calculations and procedure developed 
for the establishment of theoretical calibration curves are based on the relatively recent theory 
advanced by Sherman. A numerical integration between wavelength limits of the effective 


polychromatic incident beam spectrum is employed in the calculations. Theory is tested with 


varying quantities of molybdenum in appropriately chosen mixed oxide systems. Gratifying 


agreement between theoretical and experimental results provides a basis for control of variables 


and new methods for correlating intensities and concentrations. 


Variables which must be considered in practical X-ray spectroscopy: K. F. J. Heisricu, N. Y. 


du Pont & Co., Wilmington, Delaware. 


In working out a particular method, selection of a series of variables has to be made, such 
crystal, collimator, detector, ete. The criteria applied in 


as sample preparation, choice of line, 
this selection are the requirements of sensitivity, specificity (absence of interfering lines) and 


reduction of matrix effects. 
The effect of selecting each variable was described and practical examples were given. 


Improved precision of sample reproducibility by selective-uniform particle size grinding: A. H. 


PrrcurorD, Pitchford Scientific Instruments/Corp., Pittsburgh, Pennsylvania. 


Most powdered materials contain particles with a difference in hardness. By conventional 
grinding means, the harder particles contribute to the reduction in size of the softer particles. 


Consequently the softer particles are ground much faster than the harder particles, resulting in 


a wide variation in particle size. Quantitative determinations, by instrumental techniques, are 
sensitive to such wide variations in particle size. With a wide variation in particle size, the finer 


particles contribute more than their proportionate share in density per unit area near the 


This means that the analysis favors the constitution of the finer particles. 


surface. 
The paper described a method for vastly improving the particle size uniformity and presented 


analytical data on how this method has made accurate quantitative analysis possible on samples 


containing several compounds with varying degrees of hardness. 


General Papers 
The new Encyclopedia of Spectroscopy: (:. L. (Lark, University of Illinois, Urbana, Illinois. 


A description was given of some of t he experiences in preparing a new Encyclopedia of Spectro- 
scopy, simultaneously with an Encyclopedia of Microscopy, to be published in the early fall. 
Approximately 180 articles covering twenty three types of spectroscopy have been prepared by 
Some of the newest developments in instrumentation and techniques as 


world authorities. 
revealed in these articles, the correlation of information from various techniques, and the choice 


of method for particular problems are outlined for this attempt to gather scattered information 


and to integrate the science within the covers of a single volume. 


Theoretical calculations of electronic transition energies: ©. W. Apams, Armour Research 


Foundation. 


A brief summary was given covering the major features of quantum-mechanical calcula- 
The results achieved by some typical calculations were 


tions of electronic transition energies. 
presented in order to illustrate the extent to which such calculations might be of assistance to 


spect SCOPIsts. 


Epwarp LersBxarpt, Diffraction Products, Inc., Maywood, Illinois. 


Diffraction gratings: 


A discussion of the various types of gratings used in the analysis of light from the X-ray 


region to the far-infrared region. 
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High resolution vacuum scanning grating spectrometers for studies in the ultraviolet, visible and 
near infrared: R. K. Breum, Jarrell-Ash Company, Newtonville, Mass. 


Two instruments recently introduced for high resolution studies in the ultraviolet, visible, 
and near infrared were discussed. The instruments are similar and differ only in focal length 
and ultimate resolution. The salient features of the spectrometers are: curved slits, extremely 
high radiant-flux acceptability, extreme scanning precision, and high ultimate resolution. 
Tracings showing a source-limited resolution at very low light levels of the order of 500,000 were 
shown. In addition, a short discussion of a proposed system for classifying spectrometers 
according to photoelectric speed rather than aperture ratio was presented. 


Raman Spectroscopy 
Recent studies in Raman spectroscopy: B. Sroicnerr, National Research Council of Canada. 


(A review.) 


Instrumentation for Raman spectroscopy: Howarp Cary, Applied Physics Corporation, 


Monrovia, California 


Basic instrumentation requirements for several applications of Raman spectroscopy were 
outlined 


The need for extraordinary light gathering power was emphasized and the progress in this 


direction by recently-designed instruments was presented. Two commercially available Raman 
spectrophotometers were described briefly. Accessories for gas samples and for very small liquid 
samples were described and examples given of their application. Problems arising with light 
sources and filters for isolating exciting radiation were mentioned and possible future develop- 
ments were discussed. 
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A symposium on Molecular Structure and Spectroscopy was held at the Ohio 
State University, Columbus, on June 13-17, 1960, under the sponsorship of 
the Department of Physics and Astronomy, the Graduate School of the University 


and the Office of Naval Research. The following papers were presented: 


Session A 
Electronic structure studies of small molecules: Frank E. Harris, Stanford University, 


Stanford, California. 


Assignment of electronic transitions in carbonyl and azo: Wit1iam T. Simpson, University of 
Washington, Seattle, Washington. 


Session B 
A molecular orbital treatment of acetylene including all electronst: Lovis BuRNe.ie, 


Department of Chemistry, Indiana University, Bloomington, Indiana. 


The Roothaan SCF procedure has been applied to acetylene, taking into account all fourteen 
electrons of the molecule. The three- and four-center integrals involving the ls orbitals of the 
carbons have been neglected, and all other multicenter integrals have been evaluated by the 


Mulliken approximation. 

The calculated ionization potential, as well as the wavelength of the first 7 — 7* transition, 
are in fair agreement with the experimental values. The results of the electron population 
analysis are also in agreement with experiment and with the current views on hybridization. 


The origin of the chemical bond: Kiavus RvuEpENBERG, Institute for Atomic Research, Depart- 
ments of Chemistry and Physics, lowa State University, Ames, Iowa. 


It is known that (1) by virtue of the virial theorem the molecular binding energy AE results 
from the potential energy drop AV = 2 AE < 0, and in spite of the kinetic energy increase 
AT AE > 0; (2) bond formation is closely connected with the overlap of atomic wave- 


functions in the bond region. 
Current opinion, fashionable in quantum-chemical textbooks, regards the facts (1) and (2) as 


demonstrating that the quantum-mechanical overlap effect accumulates in the bond extra charge 
(as compared with a classical model) and that this extra charge, being attracted by both nuclei, 


gives rise to the negative potential AV. 


A quantitative analysis shows this inference to be invalid. 


In actual fact, the overlap accumulation of charge leads to a considerable increase in potential 


energy. It furnishes, however, a decrease in kinetic energy. The resulting low kinetic energy 
density in the bond region permits a high kinetic energy density near the nuclei without undue 
increase of the total kinetic energy. As a consequence, the valence electrons can cluster more 
tightly around the nuclei than in the free atoms before being held back by virtue of the 
uncertainty principle in the form of the virial theorem. In doing so they acquire the negative 


potential energy AV. 
Thus the chemical bond owes its existence to a lowering of the kinetic energy in the bond 
region which, indirectly, creates the possibility of a closer approach of the valence electrons to the 


nuclei with a concomitant lowering of the potential energy. 


+ Supported by the National Academy of Sciences and the National Science Foundation. 
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Double-t SCF molecular orbitals for the ground and some excited states of N,t: James W. 
Ricsarpsont, Laboratory of Molecular Structure and Spectra, Department of Physics, 
The University of Chicago, Chicago 37, Illinois. 


Self-consistent-field energies and wave functions have been computed for the ground state of 
» belonging to the 
configuration I7,)° I7,)'. The expanded basis set used includes the following Slater-type orbital 


N, and, at the same internuclear distance, for N,* and excited states of N 


functions centered at each nucleus: 1s({"), 28(f), 2pe(l), 2po'(l’), 2pr(l) and 
with (° = 6-6645, / 1-46 and ¢ 2-44. This increased flexibility in the valence-shell orbitals 
leads to a 5-7 eV improvement in the calculated total energy over the conventional LCAO 
wave-function using the Slater AO’s and a 4-1 eV improvement over the function in which the 
orbital exponents have been varied to minimize the energy. The calculations reveal rather 
large deformations of the atomic orbitals in the process of bond formation. An analysis of the 
wave-functions for the various states and comparisons with experimental data are presented. 


Jahn-Teller distortions of molecules—a molecular orbital description of cyclobutadiene, 
cyclopentadienyl radical, and benzene positive and negative ions: L. ©. Snyper, Bell 
Telephone Laboratories, Incorporated, Murray Hill, New Jersey. 


The Jahn-Teller distortions of eyclobut idiene, cyclopentadieny] radical, and benzene 
positive and negative ions are given molecular orbital descriptions, with computational 
procedures conveniently performed on an electronic computer. Theoretical values of energy, 
bond lengths, and electron spin density have been computed for the symmetrical and distorted 
configurations of these molecules. Preliminary descriptions are also given of the negative ions 
of coronene, triphenylene and 1:3:5-triphenylbenzene. 


The geometry of excited electronic states and the Franck-Condon principle§: J. B. Coon, 
R. DeWames and C. M. Loyp, Department of Physics, A. and M. College of Texas, 
College Station, Texas. 


A pract ical pre wedure for determining the geometry of excited electronic states of poly atomic 
molecules will be described and illustrated. The procedure requires a measurement of the 
relative intensities of a few selected bands arising from the vibrationless level of the ground 
electronic state. Using excited state normal co-ordinates Q,’ given by Q,’ = Q,;” — C,, a given 
Condon overlap integral reduces to a function of one of the C;. The relation between observed 
intensities and the overlap integrals permits the calculation of the C; which specify, to the 
first approximation, the equilibrium configuration of the excited state relative to that of the 
ground state through a transformation (X”) (A) (Q") where Q,” = C,;. A second approximation 
is based on excited state normal co-ordinates Q,;’ calculated from the excited state geometry 
obtained in the first approximation. The Q,’ define a new transformation (A) which in turn 
gives the corrected excited state geometry. There are always at least four excited state models 
consistent with the observed intensities. In the normal co-ordinate calculations, only A, 
symmetry co-ordinates and their corresponding harmonic potential force constants need be 
considered. 


Configuration interaction calculation for the ground state of the helium hydride ion : Basi G. 
AneEx, Chemistry Department, Indiana University, Bloomington, Indiana. 


A configuration interaction calculation has been carried out for the '=* ground state of HeH* 
using as a basis functions in elliptical (prolate spheroidal) co-ordinates. Several internuclear 
distances have been considered and angular terms have been included. The results will be 
discussed in terms of correlation energies and natural spin orbitals. 


+ This work was supported by a grant from the National Science Foundation. 
t Present address: Department of Chemistry, Purdue University, Lafayette, Indiana. 
§ Supported by the Air Force Office of Scientific Research. 
Supported by the United States Air Force OSR and the National Science Foundation. 
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Configuration interaction study of the lithium hydride moleculet: Darreri D. Essa, 


Chemistry Department, Indiana University, Bloomington, Indiana. 


Approximate wave functions for the ground state of the lithium hydride molecule have been 
constructed by the SCF-—-MO—CI approach using a basis in confocal elliptic co-ordinates. 
The energy and dipole moment are computed and the importance of various configurations 
studied. The results are discussed in terms of correlation energy. 


The potential energy curves of Li, and LiH: Boris Musutix, Donacp K. Harriss and Cart 
W. MrircHecy, Southern Lilinois University, Carbondale, Illinois. 


The potential energy curves of Li, and LiH were constructed for values of the internuclear 
distance between zero and fifty atomic units. A two-electron valence bond approximation was 
used. The purpose of the calculation was to test the usefulness of a molecular screening 
parameter [1]. The screening parameter of three different physical models was tested for each 
molecule. The numerical results were similar to the results obtained in other “two-electron” 
calculations, but the present method prov ided a simpler set of integrals toevaluate. Li > has been 
found to be more sensitive to the type of wave-function used. The screening parameter chosen 
should be consistent with the physical model used in the calculation. 


The (ls2s) and (2pc)* '=,* states of the H, molecule?: Ernest R. Davipson, Chemistry 

Department, Indiana University, Bloomington, Indiana. 

The electronic potential energy for the first two s. excited states of the hydrogen molecule 
has been computed as a function of internuclear distance using a twenty term expansion in 
elliptical co-ordinates with two non-linear parameters. The terms in the expansion were of 
the form 


en i en i Leto 


Rather unusual potential curves were obtained which were difficult to compare directly with 
experimental data. Hence a method of numerical integration was devised for computing the 
vibrational—rotational levels arising from these curves. The results of this computation will be 


presented. 


Ionization potential of hydrogen fluoride§: Larry J. ScuHaap, Chemistry Department, Indiana 

University, Bloomington, Indiana. 

Using a single Slater determinant and neglecting differential overlap, wave-functions for HF 
and HF* have been obtained by minimizing energy with respect to two linear coefficients and 
three orbital exponents. The z ionization potential of HF computed using Koopmans’ theorem is 
8-8 eV higher than that obtained as the difference between best HF and best HF* energies. This 
latter ionization potential of 14-0 eV may be compared with experimental values of 12-6-15-8 eV. 


On the origin of non-exponential decay in dye phosphorescence: FE. (. Lim and G. W. Swenson, 

Department of Chemistry, Loyola University, Chicago, Illinois. 

According to current theory of the phosphorescence of dyes, the rate of the decay of the 
emission should be directly proportional to the instantaneous number of excited molecules. 
As in any first-order process, the intensity of the phosphorescence should therefore decrease 
with time following an exponential law. In the case of acriflavine, however, decay curves were 
found to deviate from the exponential decay law and the cause of this non-exponential decay 
has been the subject of many investigations and speculations. In previous investigations, 
however, the effect of physical state of the compound on the decay of phosphorescence has 
not been accurately assessed. Accordingly, the present investigation was conducted using the 


+ Supported by the United States Air Force OSR and the National Science Foundation. 

t Supported by the United States Air Force OSR and the National Science Foundation. 

§ Work begun at the Mathematical Institute, Oxford, with support from the National Institutes 
of Health, and continued at Bloomington with support from the National Science Foundation. 


[1] B. Busuui, J. Chem. Phys. 25, 801 (1956). 
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dye dispersed in rigid glass in the hope that the relatively simple physical system might allow . 
more systematic study of the non-exponential decay of acriflavine. The effects of variation of 7 
several parameters, such as solvent, concentration, temperature, and exciting wavelength on the [ 
decay of phosphorescence were studied a 
The significance of the results is discussed and a mechanism for the origin of non-exponential a 
decay Is proposed 
Session C 
The Raman spectra of the methyl haloforms: T. RK. Srexcie, Department of Chemistry, - 
University of Massachusetts, Amherst, Massachusetts and R. C. TayLtor, Department of : 
Chemistry, University of Michigan, Ann Arbor, Michigan. 

Che first three members of the methyl haloform series (CH,—-CX,; X=—F, Cl, Br) have been 

investigated. The Raman spectra of the liquids have been obtained. All the fundamentals, 

with the exception of the inactive torsional mode, were observed, and in most cases it was 
possible to make qualitative determinations of the polarization states of the bands. The ; 


completely deuterated compounds were synthesized, and their spectra examined in order to 


confirm the assignments made for the light compounds 


The Raman spectra of the dimethyls of zinc and cadmium: Bb. P. Sroicuerr and R. Turner, 
Di National Research Council, Ottawa, Canada. 


The pure rotational Raman spectra of gaseous Zn(CH,),., Cd(CH,), and the deuterated 


ision of Pure Physics, 


samples Z1 { D, 2 Catt DD. hay been photographed in the second order of a 21 -ft grating 


7 em '/mm dispersion) using the mirror-type Raman apparatus. The wavenumber separation 


of the rotational lines was of the order of 0-5 em 


From measurements on the rotation spectra values of the metal-carbon bond lengths have 


been calculated and also a relation between the C—H distance and HCH angle. 


Ake 


The infrared and Raman spectra of propynal: |). Movie and G. W. Kexe, Department of 


Chemistry, McMaster University, Hamilton, Ontario, Canada. 


The infrared spectrum of gaseous H¢ CCHO, DCeseCCHO, HCeseCCDO and the Raman 
spectrum of liquid H¢ CCHO are reported. An analysis of the normal modes has been carried 


out for the in-plane vibrations, using force constants transferred from related molecules, as an aid 


in assigning the observed frequencies. A complete assignment of the fundamentals has been 


made. 


A normal co-ordinate treatment on the a di-imine metal chelate compounds: Kazvo Nakamoro, 
Je ppson Laboratory of Chemistry, Clark l niversity, Worcester, Massachusetts. 


It has been su 


rested that the metal-nitrogen bonds in the metal—chelate compounds of 


2’-bipyridine and related compounds have partial double bond character because of resonance 


involving dz pr bonds Therefore, it is hig lv desirable to obtain information on the strength 


of the metal-—nitrogen bonds from the infrared spectra. The stretching force constants of the 


metal-nitrogen bonds obtained from the analysis of the vibrational spectra would be useful for 


this purpose. Thus a normal co-ordinate treatment has been made on the simple 1:1 complex 


model of «-di-imine metal chelate. 


R 


R—N N—R R = CH, 
R’ = H, CH, 
M M = Fe(II) 


Later, more rigorous calculations were made on the 1:3-complex considering all the interaction 


between the ligands. 
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Normal co-ordinate treatment of the hypophosphite ion*: Joseru 8. Ziomek?,Joun R. Ferraros 
and Donatp F. Peprarp§, De Paul University, Chicago, Illinois, and Argonne National 
Laboratory, Lemont, Illinois. 


The infrared and Raman spectra for the various salts of hypophosphorus acid were collected 


and examined for the probable values for the wavenumbers, relative intensities and depolari- 
zations factors for the hypophosphite ion. The data are as follows: (A o or yr, J, p) 467 em 
(5) 0-74, 822 em™ (1) d, 924 em™ (7) 0-84, 1048 em (10) p < 0-5, 1088 em (5) 0-94, 1180 em~ d, 
2311 em™! (5) d, and 2357 em=! (10) p. Also a normal co-ordinate treatment on the basis of the 


most probable model C,,, was conducted for this ion. The normal co-ordinate treatment gave the 


above listed wavenumbers as fundamentals and lent support to the assignment of TsuBor [1] 
1 


of 2357 em 


as the symmetric P—H stretching motion (A,-type) and 2311 cm™ as the anti- 


symmetric P—H stretching motion (5,-type). Moreover the F-matrix elements obtained for 


this ion were determined in such a manner that those potential constants for the PH, in PH, 


had nearly the same values as possible in H,PO,~ and those for PO had nearly the same values 


as possible in H,PO, . In addition a report of the experimental work in progress on D,PO, 


will be given. 


Power series expansions about equilibrium of the Heitler-London and Rittner vibrational 
potentials : Cuarves L. Becker and Epwarp J. Finn, Department of Physics, Georgetown 
University, Washington, D.C. 


Dunham expansions have been carried out for the Heitler-London potential for H, (as a 
simple model for covalent molecules), and for the leading terms of Rrrrner’s potential [2] 


(as a simple model for ionic molecules). The latter has been applied to alkali and earth halides. 


of particular interest are the resulting values of Y 59(@, Y, 2 and the ratio of the diss wiation 


energy for the potential to the linearly extrapolated value. For the Heitler-London potential Y 45 


0-80. This indicates a negative curvature for a AG vs. v curve near 


is negative and Dy Diss 


equilibrium and rapid convergence of vibrational levels near dissociation. Yg9 is positive from 


RItTNER'S potential and ~2:5. Values of the other spectroscopic constants will be 


presented. 


The ranges of convergence of the Heitler-London and Rittner expansions both appear to be 


0 r 2r,. Heitler-London coefficients of higher powers of (r-r,)/r, are close to values 


obtained from pure Coulomb repulsion. Problems connected with numerical application 


of DuNHAM’s technique will be discussed. 


Correlation of the infrared spectra of methyl- and ethyl-diboranes: Wavrer J. LenMann and 
I. SHaprro, Chemistry Department, Hughes Tool Company——Aircraft Division, Culver City, 


California. 


In diborane (B,H,), a maximum of four hydrogens may be replaced by alky! groups, leaving 
the unique > BH,B< bridge intact. Thus, there exist five types of alkyldiboranes: mono-, 


1:2-di-, 1:l-di-, tri-, and tetra-alkyldiboranes (cis and trans isomers of 1:2-dialkylboranes 


cannot be separated). For the present study, the infrared-spectra of }°B-enriched and boron 


carbon- and per-deuterated methyl- and ethyl-diboranes (forty of a possible fifty such variants) 


were analyzed® [3]. 


+ Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
t De Paul University, Chemistry Department, Chicago, Illinois. 
§ Argonne National Laboratory, Lemont, Illinois 

Supported, in part, by grants from the Georgetown University Alumni Research Fund and the 
United States Air Force Office of Scientific Research. 

* The syntheses were carried out by Mr. C. O. Witson, JR. 

[1] M. Tsupor, J. Am. Chem. Soc. 79, 1351 (1957). 
). S. Rirrner, J. Chem. Phys. 19, 1030 (1951). 
J. Lenmann, C. O. Wiison, Jr. and I. SaHaprro, J. Chem. Phys. 32, 1088, 1786 (1960). 
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The effect of alkyl substitution on the stretching and bending frequencies of the remaining 
B—H bonds is examined and compared with similar effects in ethylenes. Coupling across the 
bridge is investigated, and changes in the stretching frequencies of the bridge itself are explored. 
It has been possible to verify earlier assignments [1-3] for stretching frequencies in partially 
deuterated bridges, B(HD)B. 


The asymmetric stretching frequencies of FeCl,, CoCl,, NiCl, and CoBr,: Thomas C. James, 
Department of Chemistry, Northwestern University, Evanston, Illinois and Jon T. HQUGEN 
and WritLt1AM KLEMPERER, Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 

The infrared absorption spectra of the gaseous dichlorides of iron, cobalt and nickel and of 
nickel bromide display two absorptions in the region of the asymmetric stretching frequency. 
The stronger, higher frequency member of the pair has been observed in emission experiments 
on unsaturated vapors, and is assigned to the asymmetric stretch of the presumably linear 
The weaker transition is assigned to a vibrational mode of the dimeric molecule. 


monomer. 
The observed frequencies are: FeCl... 490 1. CoCl,, 492 cm 1. Ni€Cl,. 505 em 1. and 
CoBr,, 397 cm. Force constants of the three dichlorides calculated from these frequencies 


agree with those of the diatomic monochlorides to 0-1 mdyn/A?. 


The importance of trans-hydrogen interactions in simple force fields: James R. Scherer and 
Joun OvEeREND, Chemical Physics Research Laboratory, The Dow Chemical Company, 
Midland, Michigan. 

Neither a simple valence nor a Urey—Bradley force field (UBFF) will satisfactorily fit the 
observed frequencies of ethylene. SHimmanovucut has argued, from a classical consideration of 
bond flexibility, that an extra force constant should be added to the UBFF, and indeed, inclusion 
of this additional parameter allows a good frequency fit in ethylene. 

We have used a UBFF with the SHIMANOUCHI extension in an investigation of a large number 
of simple ethylenic derivatives but have found it impossible to obtain a consistent picture. 

However, a simple UBFF with the sole addition of a quadratic cross term coupling the trans- 
hvdrogen-bending co-ordinates gives an equally satisfactory fit to the ethylene frequencies, and 
moreover, the numerical value of this force constant can be transferred logically within the series 
of bromo ethylenes. This trans-interaction model has been extended to ethane, propane and 


other simple molecules. 


Detection of shape and conformational change in carbonyl compounds by the comparison of the 
variation of n -- x* transitions with the solvent polarity standard, 7: E. M. Kosowerr and 
G. 8. We, Department of Chemistry, University of Wisconsin, Madison, Wisconsin. 


Cyclic ketones (1) with n 5 or 6 possess n —> 7* transitions which vary in a linear fashion 
H,), l 


with the polarity of the solvent as measured by Z, the position of the charge-transfer band for 
l-ethyl-4-carbomethoxy pyridinium iodide [4]. Ketones with n 7. 8, 9, 10 give reasonably 
good correlations with the same parameter. Cyclopentadecanone (n 15) is less responsive 
to solvent change than could be expected on the basis of the other evelic ketones and it is 
concluded that the non polar portion of the molecule is folded so as to reduce the net polarity 
of the cybotactic region (solvent molecule group) around the carbonyl bond. Conformational 


change in 2-chlorocyclohexanone is easily detected by the same technique and is confirmed 


by infrared studies. 


W. J. Lenmany, C. O. Wirson, J. F. Dirrer and I. S#arrmo. Presented at the Symposium on 
Volecular Structure and Spectroscopy, columbus, Ohio (1958). 

W. J. Leumann, J. F. Drrrer and I. Suarrro, J. Chem. Phys. 29, 1248 (1958). 

W. J. Lenmanw and J. F. Drrrer, J. Chem. Phys. 31, 549 (1959). 

E. M. Kosower, J. Am. Chem. Soc 80, 3253 (1958) 
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Session D 


Fourier transform spectroscopy in the far infrared: H. A. Gespir, National Physical Laboratory, 
Teddington, England. 


The use of diffraction gratings in high resolution infrared spectroscopy: T. K. McCunsrn, Jr., 
Pennsylvania State University, University Park, Pennsylvania. 


Session E 
An LCAO/MO/CI treatment of the linear methylene radical: (:. L. Mani and G. W. Kiva, 


Department of Chemistry, McMaster University, Hamilton, Ontario, Canada. 


The lowest-energy states of various symmetries for the linear CH, radical, with a C—H bond 
length of 1-03 A have been calculated as a six-electron problem in LCAO/MO/CI approximation. 
Preliminary results show that the state of lowest energy has*,~ symmetry; that the lowest 3I1, 
state is 20-2 eV higher in energy; and, so far, no allowed transitions with energies less than 6 eV 
between separate electronic states of the linear molecule have been found. 


Intramolecular twisting effects on anisole spectra: Lois J. Froten and LiongeL GoopMan, 
Whitmore Chemical Laboratory, The Pennsylvania State University, University Park, 
Pennsylvania. 

The 1L4 <— 14 (2100 A) and 'L4,'Ly = 14 (1800 A) bands of anisole and its 0:0 -alkylated 
derivatives are reported. It is shown that the ‘‘classical’’ case of the spectra of o- and 0:0-substi- 
tuted N:N-dimethylanilines representing the effect of twisting of a z-orbital into a c-orbital is 
anomalous. This probably results from benzene analog—charge transfer state interaction. 
The anisoles, on theoretical grounds, are suggested to represent the “‘normal’”’ case of intra- 
molecular twisting effects on 7 — 7* spectra. 

Low-temperature absorption data are reported for both DMA’s and anisoles and are in- 
terpreted in terms of the steric potential curves arising from o-and 0:0’ substitution, 


The Bohr atom with two electrons: James P. Constprve and Ropertr P. Bauman, Polytechnic 
Institute of Brooklyn, 333 Jay Street, Brooklyn 1, New York. 


In a search for a good first-approximation model for an atom with more than one electron, a 
Bohr model was constructed for a two-electron system in which the angular momenta of the 
electrons are arbitrarily fixed and the electron—electron repulsion appears in terms of an explicit 
variable, 8. The value of # is set equal to its most probable value according to a Gibbs (exponen- 
tial) distribution over the surface of the sphere described by the two electrons with equal radii. 
These conditions fix the energy and radius, leaving no adjustable parameters. The calculated 
jonization energies agree well with observed values and the radii agree with Hartree-Fock 
calculations. The method can be extended to excited states. 


The band spectrum of the GaH molecule: Marsuavy L. Grvrer and K. Kerra [ynes, Department 
of Chemistry, Vanderbilt University, Nashville 5, Tennessee. 


An extensive emission system of GaH, in the region 5200-6400 A, has been obtained from a 


King furnace containing gallium metal and hydrogen at 1500°C. Eight bands have been 


B, 
‘II, 17,881 
17.609-8 
x iz 17.319-94 1675-59 90-43 6-402 0-293 0-022 0-005 
0 1588-79 20-47 6-138 0-188 0-003 


* Coefficient of (v })* in expression for B,. 
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measured and analyzed on the assumption that they arise from a *I1-N 'S transition [1] 
The f constants have been rmuned (em 

Under the same conditions, a diffuse band system is observed between 4220 A and 4850 A[1] 
he rational differen s of the lower state have been found to agree with those of the ground < 


The barcis appear to be double headed consistent with a upper l 


Zeeman effects of the purely cubic field emission line of MgO:Cr* crystals: S. SuGANo and 
F. Varsanyi*?, Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 


he transverse Zeeman effect has been studied of the most conspicuous red emission line 


14.319 em!) of a MgO:Cr’” single ecrvstal. This line may be considered to be due to the 


chromium impurities with put | cube environments The six Zeeman patterns have been 


examined experimentally, with a magnetic field parallel to the [001], [110), and [111] directions, 
and th polarizations o and -@ for each direction of the magnetic field 
Comparing these patterns with the theoretical ones, it has been found that the line is a 


m due to the ¢,% *F -¢,3 44. transition It has also been found that, 


at least seemingly, the degeneracy of the initial 2- state is not removed, in other words, the effect 


of the Jahn-Teller distortion does not appear in this spectrum 


I bee longit idinal 


Zeeman effect will be discussed in terms of circular polarization 


Electronic spectra of CoF, in single crystals*: Lor J. Zimnine and J. W. Srour, University of 


Chicago, Chicago 37, Illinois 


The absorption spectrum of CoF, has been studied in oriented single crystals of both pure 


( oF, md 3 ( oF ,in ZnF, Absolut: abs wption intensities have been measured over t he range 


to \ at hquid hydrogen. md nitrogen, and room temperatures for light polarized 


both parallel and perpendicular to the crystallographic c-axis 


(hax itor strengths have been caleulated. and are found to varv with polarization, 


temperature, and Co** ion concentration. The positions of the broad transitions are consistent 


with those expected from splitting of the 4F and #P levels of the free ion by the ligand field 


of the crystal. In addition, sharp transitions are observed at the low temperatures, which are 


tentatively identified as excitations to doublet levels having the same octahedral field ce pendence 


tate 


Ultraviolet absorption spectra of nitrate ion in solution$: Srewarrd.Srrickter and M. Kasna, 


Department of Chemistry, Florida State University. Tallahassee. Florida. 


The iltraviolet spectrum of the nitrate ton has been measured in seve ral different solvents. 


Iwo bands appear, one near 3000 \. the other near 2000 A. The 3000 A band may be assigned 


is a forbidden -w* transition of electronic symmetry A,’ -+ A, This is of particular interest 
because it require coupling with two vibrations to make it appear, according to the Herzberg 
Teller selection rules. Experimentally the band shows both a blue shift and a considerable 
increase in intensity in going to solvents of increasing hydrogen bonding power. These solvent 


effects are in accord with theory for a band of this nature 


The band near 2000 A is attributed to an allowed A,’ — E£' transition of aw — 7* type. It 


blue shift in hvdrogen bonding solvents similar to that of the n —- 7* transition. This is 


terms of the nature of the -z-orbitals of the molecuk 


Present address: Physics Department, The Johns Hopkins University, Baltimore, Maryland 
This research was supported in part by the Office of Naval Research 
S This research was carried out under a contract between the Office of Naval Research and the 


niv ity 
National Science Foundation Predoctoral Fellow, 1956-1960 


Nevunavs, Ari Fysik 14, 551 (1959), who also analyzed the 0-0 bands of the *II,-'S and 
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Effect of dimer formation on the emission of some nitrogen heterocyclicst: M. Asurar ei 
Bayoumi and M. Kasna, Department of Chemistry, Florida State University, Tallahassee, 


Florida 


Solutions of carbazole at 10-' M concentration in rigid glasses at 77°K emit strongly In 


alcoholic media, the addition of acridine to the system has little effect. However, in a hydro- 


carbon ol equimolar quantitie of acridine strongly quen h the carbazolk emission | nis is 


interpreted as resulting from the formation of hydrogen-bonded dimers between acridine and 


carbazole, and consequent interactions of the m-systems of the two molecules. 


This strong quenching by the acridine is still found if the carbazole concentration is raised to 


4 10-* M, with the acridine concentration kept at | 10-4 M. Here it is apparent that even 


the emission of the free carbazole molecules is being quenched, suggesting that the dimers may 


be acting as energy sinks. 


Solvent effects in the —-x* (T S) emission spectrum of pyrazine: \V.‘:. Keisunaand Lione! 


(;00DMAN, Whitmore Chemical Laboratory, The Pennsylvania State University, University 


Park, Pennsylvania. 


The (n -+ 2*) T -+S spectrumof pyrazine has been measured at 77°K in hydrocarbonand EPA 


glasses. A comparison with the absorption (S —>S’) data in the same media at 77°K indicates the. 


mmportance of the Fran k‘ondon principle in the solvent shift It Is Suggest “il that t he 
n-orbitals expand on # —+ 7* emission and a Franck—Condon strain results from this expansion. 
The role of this Fran k 4 ondon strain on 7 > a* transitions in general will be discussed. 


The determination of the polarization of the 7’ —- S spectra of pyrazine is in progress and will 


be re ported 


Probabilities of allowed and forbidden electronic transitions in C,}: E. Clementi and K. 8. 
Pitzer, Department of Chemistry and Lawrence Radiation Laboratory, University of 


California, Berkeley, 


California. 


The probabilities and the lifetimes of nine electronic transitions among low electronic states 


of the C, molecule are evaluated. The calculated f-value of the Swan transition is 0-048 (to be 


compared [1, 2] with the experimental value f ~ 0-034 


The probability and the lifetime of the transition from the ground stat« lS * to the first excited 


state “Il, are calculated (both one and two center integrals of the spin orbit matrix elements are 


a) 


The impli ations of the above calculations are discussed with regard to the recently found 


i+, = perturbation [3 The f-value for the Swan transition and accurate values of the 


partition functions are used to recalculate the molecular abundancy S in the solar reversing 


laver [4 It is found that log S 12-83 at the molecular excitation temperature of 4500°K. 


The ultraviolet emission spectrum of naphthalene vapour: |). KE. Freeman, Department of 


Physical Chemistry, University of Sydney, Australia 


The emission spectrum of naphthalene vapour, as excited by radio-frequency oscillations of 


about 20m wavelength, consists of discrete bands superposed on a continuum. The existence 


of an origin (at 32,017 wavenumbers) and the activity of vibrations of symmetries a. and + 


3 
are consistent with the view that the lowest singlet electronic transition is allowed and long-axis 


polarized. 


+ This research was carried out under a contract between the Office of Naval Research and the 
Florida State Universit, 
* This research was supported by the United States Atomic Energy Commission. 
1} L. Brewer, W. T. Hicks and O. H. Krikortan. To be submitted for publication. 
2} E. Clementi, UCRL 9085 (1960). 
3) E. A. Batok and D. A. Ramsey, J. Chem. Phys. 31, 1128 (1959) 
4| J. Hunaerts, Ann. astrophys. 10, 237 (1947). 
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Session F 


Infrared intensities of the fundamental frequencies of silane: W. T. Kine and Ina W. Leven, 
Metcalf Research Laboratory, Brown University, Providence 12, Rhode Island 


Absolute intensity measurements have been made on the infrared active fundamentals of 
SiH, and the two non-overlapped fundamentals of SiD,H at 2182em™ and 85lem~'. The 
absorption bands were pressure broadened with nitrogen or helium up to total cell pressures of 
about 70 atmos. and the intensities were determined by the method of WiLson and WELLS |/1 


except that the obs rved optical density was integrated against log 1 instead of vy. From MEAL 


and WuiLson’s [2] assignments, approximate harmonic fundamental frequencies were estimated 
and norma! co-ordinates computed. Using these normal co-ordinates, derivatives of the dipole 
moment with respect t ! symmetry co-ordinate were found that reproduced the 
measured intensities within the estimated experimental error. Additional intensity measure- 


ments are being carried out on SiD, 


A sum rule for transition probabilities: L. Chemistry Department, 
Brookhaven National Laboratory, Upton, Long Island, New York. 


A sum rule is derived for the spontaneous emission transition probability. In particular it is 
shown that for an atom 
> Wim = Zp, (0) 
where W,,, is the spontaneous emission transition probability, Z is the nuclear charge and p,, (0) is 
the electron ce nsit\ of the nth electronic state evaluated at the nucleus. 


Reflection spectra and absolute infrared intensities in pure liquids. 1’. N. Scuarz and Surro 
Marepa, Department of Chemistry, University of Virginia, Charlottesville, Virginia, and 
J. L. HOLLENBERG and Davip A. Dows, Department of Chemistry, University of Southern 
California, Los Angeles 7, California. 


Infrared reflection spectra of liquid benzene, chloroform, bromoform, carbon disulfide and 
carbon tetrachloride have been studied. Only one band (the most intense) of each compound 
gave a measurable reflection peak. 

The observed reflection bands have been fitted to the dispersion formula developed by 
Scuatz [3] and absolute intensities have been obtained from the measurements. Comparison is 
made to absolute intensities obtained from dispersion studies [3] and to the benzene absorption 
intensity value determined by HisaTsuNE and JAYADEVAPPA [4]. 


Calculated band intensities for CO, from infrared dispersion data: B. Scuurix, Geophysics 


Research Directorate, Air Force Cambridge Research Center, Bedford, Massachusetts. 


The band intensities for the CO, fundamentals have been calculated from the infrared 


dispersion data of WerrerBLapD [5]. For the band at 2349-3 em : (vs) a value A, 2970 em? 


at n.t.p. was obtained and for the band at 667 em 1 (y,) a value A, 240 cm”? resulted. 


In calculating intensities the data used was sufficiently removed from the band centers that an 
harmonic oscillator approximation allowed a satisfactory fit to the data. 


+ Research performed under the auspices of the United States Atomic Energy Commission. 
* This work was supported, in part, by the Office of Ordnance Research, United States Army, and, 
part, by The National Science Foundation. 


E. B. Writson and A. J. Wetts, J. Chem. Phys. 14, 578 (1946). 

J. H. MEAL and M. K. Witson, J. Chem. Phys. 24, 385 (1956). 

P. N. Scnatz, J. Chem. Phys. 29, 958 (1958); 31, 1146 (1959); 32, 894 (1960). 

I. C. Hisatsune and E. 8. Jayapevappa, J. Chem. Phys. 30, 848 (1959); 32, 565 (1960). 
WETTERBLAD Thesis, Uppsala (1924); values quoted I.C.T. VIT, 9. 
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The value for A, is in exact agreement with the most recent results obtained from absorption 
studies [1, 2]. The value for A, is some 10 per cent higher than the corresponding absorption 
value of 2693-3 em 


213] 


Effect of foreign gases at high pressures on the infrared bands of CH,: kt. L. Anwsreone and 
H. L. Weitsu, McLennan Laboratory, University of Toronto, Toronto 5, Canada. 


The infrared fundamental bands of CH, were studied in mixtures with He, A and N, at 
pressures up to 3000 atm. In the density range 60-3000 Amagat units the integrated intensities 


showed a weak linear dependence on the foreign gas density. Extrapolation to zero foreign gas 


density gave values for the absolute intensities of the Var V4 andy, bands. A detailed examination 


of the errors inherent in this experimental method was made. In this density range the band 


profiles could be fitted with computed profiles assuming suitably broadened rotational lines; 


pressure broadening coefficients for the various foreign gases were obtained from this procedure. 


The high pressure data y ielded three interesting results: a redistribution of the intensity within 


the bands occurred, the frequencies of the maximum absorption increased, and the integrated 


intensity of the v, decreased while that of the V4 band increased. These results will be discussed. 


Rotation vibration line intensities in parallel bands of symmetric tops. The quadratic force 
field for NH,: ©. A. Gauive and J. L. Koenie+, Department of Chemistry, University of 
Nebraska, Lincoln 8, Nebraska. 


Terms involving the dependence of the moment of inertia on normal co-ordinates have been 
included in the Hamiltonian for a symmetric-top molecule. When treated by perturbation 


theory these terms lead to a first-order change in the rotation—vibration line intensity of the 


parallel bands. The second-order Coriolis effect leads to intensities in the second order only. 


The perturbation introduces a factor 


[1 + 6,7 (1 — 40,7) (J + 1)] 


into the line intensity formula for the R-branch and a factor: 


[1 —6,7(1 — 40,7) J] 


for the P-branch. These apply to the nth parallel band. The results are independent of the 
quantum number, K. These extra factors found here are very similar to those found by HERMAN 


and WaL.ts [4] for diatomic molecules and by GALLuP [5] for linear C,,, molecules. In the above 
), and other symbols have their standard 


Mo Sn 


meanings. £,” is a quantity dependent on the geometry and quadratic force field of the molecule. 


expressions 4,” 2B,/v, and 6 


n 


Some sum rules involving the £,% have been derived. 
Scuatz and McKEAN have measured 0y/0Q,, for the bands of NH,[6]. Using these values and 
data on the intensities of the lines in the 950 em band of NH, £* has been measured for this band. 


Knowledge of £” for this band allows one to calculate the force constant matrix for parallel 


vibrations. The force constants for perpendicular vibrations have long been known from a 


measurement of the first order Coriolis effect in those bands. Together, these two sets of force 


constants lead unequivocally to the bond stretching, angle deformation and all interaction 


force constants. 


A discussion of the results will be presented. 


+ Present address: Polychemicals Department, E. I. Dupont Corp., Wilmington, Delaware. 


1] L. D. Kapian and D. F. Eacrrs, J. Chem. Phys. 25, 876 (1956). 
| J. OveREND, M. J. Youneguist, E. C. Curtis and B. Crawrorp, Jr., J. Chem. Phys. 30, 532 (1959). 


|3| D. F. Eacers Jr., and B. Crawrorp, Jr., J. Chem. Phys. 19, 1554 (1951). 
|4| R. Herman and R. F. Waits, J. Chem. Phys. 28, 637 (1955). 

[5) G. A. Gatiup, J. Chem. Phys. 27, 1338 (1957). 

(6) D. C. McKean and P. N. Scuatz, J. Chem. Phys. 24, 316 (1956). 
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Collision cross-sections from measurements of infrared molecular absorption linest: H. J. 
Baprovy, G. A. Ameer and W. M. Benescu, Department of Physics, University of 
Pittsburgh, Pittsburgh, Pennsv!vania. 

It has long been recognized that a great deal of information about the nature of inter- 
es may be obtained by studies of the widths of molecular spectral lines. In the 
the cross-sections for collisions between HCl and various other molecules have 

measurements of the widths of the first eight absorption lines of the 
fundamental vibration—rotation band of HCl. The method used is an indirect 
determination of the strength of a line from the measured 

ina two-part experiment. The two-part experiment is necessary 

line strength on the integrated absorption from the effect of the 

h and width are both varied (in the two halves of the experiment) 

he absorber pressure and the pressure of the broadening gas. The 


i 


re in excellent agreement with the current theory. 


half-width of each line is determined from a single measure- 


ot the lime Line widths have been measured using a group ot 


en to give information on the various aspects of collision broaden- 

nteraction potential and the velocities of the colliding molecules). Cross 

from the line widths by the usual 1 lationships. The cross-section data 
molecule to the next. The cross-sections for self-broadening collisions 

th those Benepicr ef al. [3] and in reasonably good agreement 

of ANDERSON! 4). The cros ctions for collisions with all but two of the foreign 

s show a manvy-fold decrease with increasing J. This result is in contradiction to 
day theory [5. 6 The rati HC! H, to HC] D, cross-sections was not 


ot J as might be « X per ted from the fact that H > and LD, are identical electronically. 


Absolute vibrational intensities of the cyanate ion: 8. I. Sesuapriand J.C. Deciuss, 
Department of Chemistry. Oregon State College, Corvallis, Oregon 
infrared absorption intensities of cyanate ion have been measured in solid 
he form of singk als of KCI, KBr and KI containing a few-tenths of a 
NCO-. ably a substitutional impurity in the alkali halide Jattice. 
lit widths were applied in three different ways: (i) the 
orption coefficient was extrapolated to zero concentration; (ii) a Lorentzian shape 
ned, and Ramsay's [7] formula was applied; (iii) data were taken as a function of 
it width and extrapolated to zero slit width. Reasonably consistent results were 
d by the three methods 


typical Ou ow values, uncorrected for the solvent, in e.s.u. 4 1/2 are as follows 


122; in KBr, dQ, 30, 131; in KI, é@u/aQ, 34. 
6u/ OQ, 158. Values for du/0Q, have also been obtained after correction for the strong Fermi 


bending mode and , is the high frequency, principally CN, stretch): in KCI, 


31. Ou ow) 


resonance with 2,. Solvent corrections will be discussed. the bond dipole derivatives will be 


estimated, and the results will be compared with analogous modes in gaseous C,N,. CICN, 


HON, ets 


+ This research was supported in part by the United States Air Force through the Office of Scientific 
Research and the Geophysics Research Directorate, Bedford, Massachusetts. 

; Present address: Control Instrument Division, Warner & Swasey Company, Flushing, New York. 

§ Alfred P. Sloan Research Fellow. 

H. Basprov, G. AMEER and W. BENEscH. Symposium on Molecular Structure and Spectroscopy, the 

Ohio State University (1957) 

H. Baprov, G. and W. Benescu, J. Mol. Spectrosc. 3, 185 (1959). 

W. 5. Benepior, R. Herman, G. E. Moore and 8. SitverMan, Can. J. Phys. 34, 850 (1956). 

P. W. ANpErRsoN. Ph.D. Thesis, p. 245, Harvard University (1949). 

W. V. Sarva, J. Chem. Phys. 25, 510 (1956) 

Krierrer and Busuxkovircn, J. Mol. Spectrosc. 2, 558 (1958). 

D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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Absolute infrared intensities of the CS, fundamentals in CCl, solution: Orro Kaman and 
J.C. Decrust, Department of Chemistry, Oregon State College, Corvallis, Oregon. 


The absolute absorption intensities of the stretching (Ws 1523 em!) and bending 


(Wo 395 em™) modes of CS, have been studied at concentrations in ‘Cl, of the order of 10-? M 


in the former and 107! M in the latter case. When extrapolated to zero concentration, the 


results are A, 6-1 107 em mole and A, 9-5 « 10° em mole at 25°C. Direct comparison 


with the gas phase value for A, is not yet possible, although several indirect estimates of the gas 


phase value suggest that A, (solution)/A, (gas) may be less than unity. For Ay, values of 
7560 [1] 7450 10" [2] and 7700 10/9 [3] sec-! been found for the ideal gas at 


s.t.p. and correspond to a value of 5-7 107 em mole~! which in turn yields Ag (solution)/A, 


(gas) 1-07. 


Infrared temperature and line strength measurements on carbon monoxide excited in a radio- 
frequency discharge: D. R. Earon, Division of Pure Physies, National Research Council, 
Ottawa, Canada. 


Relative line intensities in the 2 
emission from a radio-frequency discharge have been measured. An increase in the relative 


> 0 sequence of bands of carbon monoxide observed in 


intensities of the #-branch lines and a decrease in the relative intensities of the P-branch lines 


due to vibration—rotation interaction has been observed in agreement with theoretical predictions. 


The advantages of using emission spectra rather than absorption spectra for this type of study 


are pointed out. Vibrational and rotational temperatures have been calculated and when 


allowance is made for the vibration—rotation interaction these prove to be equal within 


experimental error indicating the existence of thermal equilibrium in the discharge. 


Session G 


Some examples of higher order interactions and perturbations in the spectra of polyatomic 
molecules: W. 8. Benepicr, The Johns Hopkins University, Baltimore, Maryland. 


Faraday rotation and magnetic rotation spectra of nitric oxide in the infrared: ©. D. Hause, 
Michigan State University, East Lansing, Michigan. 


Group vibrations in molecules: Bryce L. Crawrorp, Jx., University of Minnesota, Minneapolis, 
Minnesota. 


Session H 


Ionization energies of conjugated hydrocarbons: J. Rk. and GoopMaAN, 
Whitmore Chemical Laboratory, The Pennsylvania State University, University Park. 


Pennsylvania. 


Ionization energy calculations have been made which attempt to include three effects 


inherently neglected in the application of Koopmans’ theorem to conjugated hydrocarbons 


These effects are: 
(1) Effect of z-electron ionization on the o-framework. 


(2) Change in C 2p, basis functions upon ionization. 
(3) Construction of a new Hartree-Fock Hamiltonian for the ionized state and subsequent 


reminimization. 
The Pariser-Parr formulation in terms of semi-empirical electron repulsion integrals and 


differential overlap was assumed. For the reminimization of the ionized state ROOTHAAN’s [4] 


generalized SCF approach is being used. 


+ Alfred P. Sloan Research Fellow. 
1} D. Z. Ropinson, J. Chem. Phys. 19, 881 (1951). 

2} R. Kryama and K, Ozawa, Rev. Phys. Chem. Japan 25, 40 (1955). 

3) D.C. McKean, H. J. CaLtomon and H. W. Tuompson, J. Chem. Phys. 20, 520 (1952). 
4} C. C. J. Roorwaan, Revs. Modern Phys. 32, 179 (1960). 
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The results of the change in basis functions are shown in Table 1. 


Table 1. Computed and observed ionization energies and composite terms 


I It Core Electron 
Koopmans’ this energy repulsion 


Compound experimental 
\ theorem calc. charge energy charge 


(eV) (eV) (eV) (eV) 


trans-Butadiene 10-86 9-16 346 
trans-Hexatriene 10-37 8-57 ‘577 
Stvrene 10-87 
Naphthalene 26 10-53 8-61 S92 
Anthracene 5! 9-80 8-11 ‘O65 
Phenanthrene : 10-10 2-010 


Including the calculated o-bond energy term 0-316 eV for all cases considered here. 


The calculated change in o-bond energy is 0-SeV for the above cases. The effect of 


reminimization on the ionized state will be discussed. 


Absorption spectrum of N, in the vacuum u.v. region (600-1000 A): M. Ocawa and Y. Tanaka, 
Geophysics Research Directorate, Air Force Cambridge Research Center, L. G. Hanscom 
Field, Bedford, Massachusetts. 


\ study of the absorption spectrum of N, in the region 600-1000 A has been made using 
a 68m grazing incidence-type vacuum spectrograph. The He-continuum was used as 
background. 

Hoptield’s Rydberg series was extended considerably to higher numbers. In addition to the 
extension to the Rydberg series two absorption series were observed; one converges to the 
limit of Hopfield’s series, the other, a vibration series, converges to the v l level of the 
state ot 

Worlev’s third Rydberg series, which includes the vibration series converging to v 1,2, 30f 
the AI, state of N,*, was also extended considerably. In their higher numbers (n 7), 
the individual bands of this series appeared as doublets with a separation approximately that 
of the doublets in the AIL, state of No . Several new Rydberg series were also observed which 
converged to the same limits as Worley ‘s third series. 


Emission spectra from deposits of discharged N, - CO at 4 K and 20 K: %. L. N. G. Krisuna- 


MACHARI*t and R. W. Nicnoiist, National Bureau of Standards, Washington, D.C. 


When the products from a microwave discharge through CO and N,, over a wide range of 
mixture ratios, are condensed at 4° K and 20°K, a luminescence of moderate intensity is observed, 
the emission spectrum of which exhibits six strong bands (~10 A wide) at the following wave- 
lengths: 3012, 3240, 3505, 3807, 4170, 4604 A, in addition to the usual OI and NI features. 
These bands agree well with alternate members of a series of CO, (or CO,", according to 
Mrozowsk1 [1, 2]) bands excited by electron impact on CO, in the gas phase by Smytu [3]. 
When the CO flow is stopped, the luminosity increases, and its emission spectrum contains 
seventeen broad (~30 A wide) bands at 3060, 3140, 3210, 3287, 3357, 3435, 3510, 3600, 3680, 
3790, 3982, 4100, 4180, 4320, 4435, 4580 A, in addition to the usual OI and NI features. 


+ On leave of absence from Atomic Energy Establishment, Bombay, India. 

t On leave of absence from The University of Western Ontario, London, Canada. 
S. Mrozowsk!, Phys. Rev. 60, 730 (1941). 

S. Mrozowsk1, Phys. Rev. 62, 270 (1942). 

H. D. Suytu, Phys. Rev. 38, 2000 (1931). 
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These bands correlate well with a number of bands of NCO reported by Drxon [4] from the 
flash-photolysis of isocyanates in the gas phase. 


Semiempirical theory of forbidden intensities in aromatic systems: ANprew D. Lieur, Bell 

Telephone Laboratories, Incorporated, Murray Hill, New Jersey. 

A semiempirical theory of vibrational and electronic interaction in non-degenerate electronic 
states is developed under the assumptions that: (1) a molecule may be accurately described by 
the adiabatic approximation; (2) solutions of the electronic and vibrational Schrodinger 
equations for some fixed molecular conformation are available; (3) the electronic wave-functions 
may be analytically continued to neighboring geometries; (4) the power series expansion of the 
electronic wave-functions and Hamiltonian operator, in terms of nuclear displacements, may be 
truncated at degree two; and (5) first-order perturbation theory is applicable. The formulae so 
derived are subsequently employed to compute the intensities of the Herzberg—Teller (‘‘y ibronic’’) 
type absorptions of normal benzene, the cyclopentadienide ion and the tropylium ion. It is 
demonstrated that the Lennard—Jones method of specifying the nuclear dependence of the 
resultant molecular integrals is adequate to yield good agreement with experiment. Amend- 
ments to the Lennard—Jones program for the evaluation of vibronic integrals are suggested, 
and future trends outlined. 


Rotational analysis of the D and E system of CuCl*: RK. K. Raot, Argonne National Laboratory, 

Argonne, Illinois. 

The perfection of the performance of the Argonne 30 ft, 15,000 lines/in. grating spectrograph 
by Tomkins and Frep, the use of the IBM 650 computer for the rapid reduction of the com- 
parator readings to vacuum wavenumbers and the availability of the separated isotopic species 
of certain molecular compounds offered excellent possibilities for the fine structure studies of 
band spectra in this laboratory. The spectra of the ®Cu®Cl and “CuCl molecules, excited by 
means of a microwave discharge in sealed quartz tubes containing a few milligrams of the 
respective compounds, have been photographed in the fifth and sixth orders of the Argonne 
Spectrograph at reciprocal linear dispersion of about 0-3 A/mm. The constants were deduced 
from the data by a least-squares program for the IBM 610 computer. Details of the rotational 
analysis of the 0-0 and 1-0 bands of the D- and E-systems of the ®CuCl molecule will be 
presented. 


Electronic spectra of some gaseous transition metal dihalides: Jon T. Hovcen and Grorcr E. 
Lerot, Department of Chemistry, Harvard University, Cambridge, Massachusetts, and 
Tuomas C. James, Department of Chemistry, Northwestern University, Evanston, Illinois. 


The absorption spectra of CuCl,, NiCl, and CoCl, in the gas phase at 1000°C have been 
obtained under low resolution in the visible and near infrared regions. The observed absorptions 
have extinction coefficients of the order of 100 1/mole em, suggesting that they correspond to 
“forbidden” intraconfigurational d" —d" transitions analogous to those found in solutions and 
crystals containing these metal ions. Since the condensed phase spectra are well described by 
ligand field theory, this model will be applied to the spectra of these gaseous molecules also. 


Electronic absorption bands of N, and CO in solid phases: K. Dresster§, National Bureau of 
Standards, Washington, D.C. 


The vacuum ultraviolet absorption spectrum of pure solid nitrogen and carbon monoxide at 
4-2°K shows progressions of discrete bands corresponding to the transitions a of N, 
and X of CO. The widths of the strongest bands are 450 em— in N, (3-0 band) 


+ Based on work performed under the auspices of the United States Atomic Energy Commission. 

t An affiliate of the Argonne National Laboratory's International School of Nuclear Science and 
Engineering, from the Indian Atomic Energy Establishment, Bombay, India. 

§ Now at Princeton University Observatory, Princeton, N.J. 


[4] R. N. Dixon, Phil. Trans. Roy. Soc. London A 38, 2000 (1931). 
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and 1300 em! in CO (1-0 band), and the frequency shifts relative to the origins of the gas phase 
bands are of similar magnitude as the widths. The vibrational structure of CO in the excited 
state is observed from v Otor 11 and is found to be very little affected by the solid-state 
perturbations. The intensity of the N, bands, which are electric dipole-forbidden due to the 
symmetry of the molecule, is not enhanced in the solid. Progressions of weaker bands have been 
found, however, in pure solid N, and in solutions of CO in solid argon, which can be attributed 
to one of the transitions u tA. X ora X of N., and to the corresponding 
transitions in CQ. Either of these symmetry-forbidden transitions may be enhanced in the 
solid phase dey nding on the svimetry of the crystal sites. None of the singlet-to triplet 
transitions of N, or CO has been observed at longer wavelengths; the solid films investigated 
here were at most 0-03 mm thick. 


The vacuum ultraviolet spectrum of ammonia: J). M. Houtas and A. E. Dovatas, Division of 


Pure Physics, National Research Council, Ottawa, Canada. 


The absorption spectrum of ammonia shows several band systems between 1675 and 1150 A. 
One band system, consisting of a single progression of bands originating at about 60,130 em 3 
has been photographed at high resolution and complete rotational analysis of several bands has 
been achieved. The lines in the bands show the frequency and intensity patterns expected for a 
transition moment perpendicular to the figure axis thus showing that the upper state is a 
degenerate (E£) electronic state. The analysis shows that the excited state is planar and that the 


progression of bands results from successive vibrational levels of the out-of-plane bending (r,) 


vibration of the molecule in this state. The rotational levels of the excited state show a number 
of anomalies which are presumed to arise from an interaction between the vibrational and 


electronic motion 


The ultraviolet spectrum of ammonia:*+ J. Henperson, B. L. Lanprum and J. B. Coon, 
Department of Physies, A. and M. College of Texas, College Station, Texas. 


The ultraviolet absorption sper trum of the isotopic species NHsg, ND, and NT, has been 
examined in the region near 2000 \. Two sets of bands seem to be present in this region. For the 
prim ipal svyatem, whi h is well known the origins ot the above Spec lie respectively 
at 2167 A, 2141 A and 2128 A. Only Vo 18 observed in the excited state as pointed out by Duncan 
for NH, Te mper iture-sensitive bands involve both "y and Ve of the ground state However, 
several bands do not appear to be explainable in terms of symmetrical modes of vibration. 
In the spectrum of both ND, and NT,, a series of bands appear near 2100 A which do not 
have the sharp heads characteristic of the bands near the origin of the principal systen These 
series show a marked positive anharmonicity. Either a separate electronic transition is involved 


or an antisvmmetrical mode is observed 


Electronic absorption spectrum of NH, at 4-2 K: K. Deesscen?, National Bureau of Standards, 
Washington, 


\« ‘ ) ‘ , diffuse bands in the region 1600 \to 1900 4 has been observed im thin films 
of sold 4 mt ung between 0-3 and 3 per cent of ammonia. The bands coincide with the 
vibrat progr n observed in the gas-phase spectrum of NH, if it is assumed that alternate 
bands amelv tho with odd values of r,') are missing in the matrix spectrum at 4-2°K 


Since in the « ted sta he symmetry of the vibrational levels alternates bet ween 1, and 


the observatio an be explained if in the ground state only the O,, level is appre iably populated. 
This | ve . ot an inversion doublet. but due to the svmmetry of the proton spin function is a 
single level of symmetry A,", i.e. it occurs only in the O~ vibrational component 

Therma! equilibration of NH, at 4-2°K involves the conversion of nuclear spin species FE into 


species i, 1 he observed fast equilibration of NH, (as well as that ot NH = A 2}) may be due 


* Supported by the Air Force Office of Scientific Research 
* Now at Princeton University Observatory, Princeton, N.J. 


1) A. B. F. Duncan, Phys. Rev. 4, 822 (1935 
2} G. W. Ropixson and M. McCarry, Jr., J. Chem. Phys. 30, 999 (1959). 
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to interaction between the proton spins and the magnetic moment of the nitrogen nucleus. 
Proton spin conversion is possible in NH, (as well as in “NH, and ™NH,) without violation 


of the conservation rule regarding the total nuclear magnetic moment of the molecule.t 


Session J 


The reflection spectrum of solid benzene: (:eorce R. ANDERSON and Wuiitis B. Person, 


Department of Chemistry, State University of Lowa, Iowa City, Iowa. 


In order to supplement and to verify the results of measurements of absorption intensities of 


benzene films reported earlier [1], we have begun the measurement and analysis of the reflection 


spectrum olf solid benzene. The data have been analy zed according to the method of RoBrnson 


and PricE [2] to give the index of refraction and absorption coefficient as a function of frequency. 


The integrated absorption coefficient obtained in this way has then been compared with the value 


obtained from direct absorption measurements for the 1036 and 680 em 1 fundamental vibration 


bands of solid benzene. The values for the 1036 cm! band are in reasonable agreement but the 


two measurements for the 680¢m™! band are in obvious disagreement. No satisfactory 


explanation for this discrepancy has yet been given. 


Vibrational spectra of solid phosphine: P. A. Sraars and H. W. Morcay, Physics Division, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 


rhe infrared spectra of thin films of solid PH, and PD, have been studied from 4°K to 112°K. 
The phase transition reports d by Ciustus at 88-5°K has been observed, and the spectra of the 


solid phases l and I! recorded. Phase Ii, reported by CLUSIUS below 30 K. has not yet been 


observed. Data on the spectra of the mixed isotopic species, PH ,D and PHD.,, have also been 


obtamed 


Phase I] has been examined at 77°K. The spectrum of this phase strongly resembles the gas 


phase absorption, and may be interpreted in terms of the C's, symmetry of the isolated molecule. 


Force constants have been computed, and compared to the gas phase values. Phase I, however, 


examined at 4° K and 112°K, vields a spectrum markedly different from that of the gas phase. 


It can be interpreted on the assumption of strong intermolecular interactions in the solid and a 


departure from simple C,, symmetry. The structure of this solid phase is not known. 


Spectrum of Yb° in yttrium gallium garnet: R. PAPPALARDO and DD. a. Woop, Bell Tel phone 
Laboratories, Inc., Murray Hill, N.J. 


The spectrum of Yb** in yttrium gallium garnet has been measured at room temperature, 


at 78°K and at 4-2°K. To help in assigning the eight principal lines observed, the effect of « ubic 


and rhombic fields on the levels of the rare earth ion have been calculated. The results indicate 


that ther na rathe r large rhombi component of the ery stalline field producing a splitting ot the 


oF, , excited state into three levels, and an interval of about 550 cm! between the lowest two 


components of the °F, @ ground state. Details of the assignment will be discussed. 


Magneto-optic studies of semiconductors in the infrared: FE. D. Paix, United States Naval 


Research Laboratory, Washington 25, D.C. 


Infrared techniques for studying cyclotron resonance and Faraday rotation in III-V 


compounds such as InSb, InAs and InP will be discussed. The cyclotron resonance experiments 


are performed at far infrared frequencies using prism, grating and reststrahlen monochromators 


Where feasible circularly polarized light is used to determine the sign of the absorbing charge 


+ I wish to acknowledge stimulating discussions with Dr. W. VeppEer, Department of Chemistry, 
Princeton University, regarding the conservation of the total nuclear spin. 

[1] W. B. Person and C. A. Swenson. This Symposium, 1959, P/M5. 

(2) T. S. Ropr~son and W. C. Price, Molecular Spectroscopy (Edited by G. SELL), p. 211. The Institute 
of Petroleum, London (1955). 
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carriers. Magnetic fields as high as 75 kG, obtained with the NRL Bitter magnet, are used. 
Samples are measured at temperatures of about 300°K, 77°K and a few degrees above 4°K. 
The Faraday rotation experiments are performed in the KBr prism region using linearly 
polarized light and magnet fields as high as 25 kG. Information about the band structure of the 


crystals which is obtained from these experiments will be presented. 


Vibrational spectra and the unexpected structures of silicon and germanium tetra-iso-cyanates: 
Fou A. and Geracp L. Carison, Mellon Institute, Pittsburgh 13, Pennsylvania. 


Infrared and Raman spectra of liquid Si(NCO), and Ge(NCO), have been obtained. They 
are surprisingly simple The results for Si( NCO , indicate a tetrahedral molecule, which was 
completely unexpected. This is the first evidence for a linear arrangement of M—-N—C—O so 
far as we know 

Although the spectrum of Cr Nt O), is also simple, it seems quite clear that it does not have 
the same structure as Si(NCO),. 


The near infrared absorption spectra of LiOH, LiOD and mixed crystals of LiOH and LiOD 
near 4K: A. Bucnanan and Husertr H. Casrers, Department of Physics, 
University of California, Los Angeles, California. 


Low temperature near infrared absorption spectra of single crystals of LiOH and LiOD as 
well as spectra of mixed crystals of varying concentrations of LiOH in LiOD are presented. The 
temperature dependence, unusual band shapes and deuteration effects are discussed. Changes in 
the spectrum of LiOH when diluted in LiOD as well as changes in the spectrum of LiOD when 
diluted in LIOH are described 

These experimental observations are seen to be in better agreement with the model which 
assumes that lattice vibrations are coupled to the internal hydroxy! stretching frequency [1] 


than with the model which assumes localized librations or rotations of the hydroxy! ion [2, 3]. 


Vibrational spectra of crystalline ammonium and potassium perchlorates: J. L. Mack, A. 8. 
Tompa and G. B. Witmot, Naval Propellant Plant, Indian Head, Maryland. 


Infrared and Raman spectra have been measured for the high-( 7,7) and low-( V,"*) temperature 
forms of NH,CIO,, ND,CIO, and KCIO,. Raman polarization measurements have been made on 
a single crystal of low NH,CIO,. Interpretations by previous workers in terms of tetrahedral 
selection rules are adequate to explain only the gross features of the spectra of these crystals. 
In the present work the data have been analyzed using the relevant factor groups. The results 
will be discussed in terms of the crystal structures and interionic forces and the question of free 


or restricted rotation will be examined 


Thermochemical! determinations of the dissociation energies of rare-earth monoxides: |’arrick N. 
Wats, Davip Warre, W. and Davip F. Dever, Cryogenic Laboratory, 


partment of hemistrv, The Ohio State University. Columbus, Ohio 


The heats of formation and dissociation energies of the vascots monoxides of La, Pr, Nd, sm, 
Gd, Dy, Yb. Lu and Y have been derived from studies of the vaporization of the corresponding 
sesquioxides, in which a combination of Knudsen effusion and mass-spectrometric techniques 
was employed. The dissociation energies appear to vary periodically with atomic number in 
much the same manner as the heats of sublimation of the elements, making it possible to 


interpolate values for the monoxides not vet studied 


K. A. Wickersuerm, J. Chem. Phys. 31, 863 (1959). 
t. M. Hextrer and D. A. Dows. J. Chem. Phys 25, 504 (1956). 
t. M. Hexrer, J. Opt. Soc. Am. 48, 770 (1958 
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The optical constants of some ionic solids in the neighborhood of their eigenfrequencies*: 
Raymonp L. Brown} and Evy E. Bet, The Ohio State University, Department of Physics 


and Astronomy, Columbus, Ohio. 


The transmission of thin films of several ionic solids have been measured for several film 
thicknesses and two temperatures. The solids (LiF, NaCl, NaBr, KCl, KBr and KI) were 


deposited on a collodion substrate and measured with a grating spectrometer which was well 


filtered to insure purity of the measured radiation. By assuming the wavelength dependence 


of the optical constants » and é& to be correctly expressed by the classical formulae, it Was 


possible to obtain the values of n and k through the eigenfrequency region. The results will be 


compared with those of other workers and the temperature shift of the eigenfrequencies will 


be discussed. 


Absorption spectrum of Cu* in different co-ordinations: RK. ParraLarno, Bell Telephone 
Laboratories, Inc., Murray Hill, N.J. 


The absorption spectrum of Cu®* has been studied in CuSiF’,.6H x ), in a copper doped ZnO 


single crystal and in a Cu doped single crystal of YGG. From the absorption spectrum of 


CuSiF,.6H,O, the crystal field parameter for Cu®* in octahedral co-ordination is deduced and 


used to predict the energy levels of Cu®* in tetrahedral co-ordination according to the relation 
Daitet) § 
The accuracy of the prediction is excellent. A series of sharp intense lines is found at 


5900 em! for Cu in ZnO. The results are used to interpret the absorption of Cu in YGG where 


there is considerable evidence that Cu®> is present in a tetrahedral site. 


Session K 


Applications of electron-spin resonance: Koy 8. ANDERSON, Department of Physics, University 
of Maryland, College Park, Maryland. 


Following a brief review of the principles of electron spin resonance, consideration will be 


given to applications of the method to physical, chemical and biological systems. It will be 


shown how various information may be derived from electron spin resonance observations. 


Examples will be drawn from studies of crystalline parameters, nuclear spins and moments, 


color centers, polymerization processes, conduction processes, electron densities, and effects 


of radiation on matter. 


Vibrational excitons—an application to the problem of the origin of multiplet splittings in the 
vibrational spectra of molecular crystals: K. M. Hexrer, Mellon Institute, Pittsburgh, 
Pennsylvania. 


Recent microwave studies of the structures of simple molecules: Jounx Suextpan, The University 
of Birmingham, England. 


Session L 


Inversion-vibration and inversion-rotation interactions in the ammonia molecule: Wiiam T. 
Weeks, Kari T. Hecutr and Davip M. Dennison, The Harrison M. Randall Laboratory 
of Physics, The University of Michigan, Ann Arbor, Michigan. 


Recent experimental studies of the infrared spectrum of NH, by Benepict et al. [1] 
and GARING et al. [2] have revealed a wealth of new information regarding the dependence 


+ This work was supported, in part, through a contract between The Ohio State University Research 
Foundation and The Air Force Cambridge Geophysical Directorate. 
t Now at the General Electric Co., Nela Park, Cleveland, Ohio. 
[1] W. 8. Benepret and E. K. Pryier, Can. J. Phys. 35, 1235 (1957). 
|2} J. 8. Garonne, H. H. Nrevsen and K. N. Rao, J. Mol. Spectrosc. 3, 496 (1959). 
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of the inversion splittings on the vibrational and rotational quantum numbers. An attempt has 
been made to understand some of the new data by extending the theory of the ammonia inversion 
clude inversion—vibration and inversion—rotation interactions 
The potential energy of ammonia is approximated by a double minimum potential V (&) plus 
the pote ntial of a system of harmonic oscillators in the remaining five \ ibrational co-ordinates, 
where | =) has been chosen to have the form 


2F cos (£/L) 247 cos 


in which £ is the inversion co-ordinate and L a constant. The double minimum wave-functions 
are computed numerically. Inversion—vibration interactions are obtained by developing the 


parameters F and G, which are regarded as mild functions of the five vibrational co-ordinates, 


in a Tavlor ¢ xpansion in the vibrational co-ordinates With the exception of the state 2r,° 
' ems to account for the dependence of the inversion—vibration splittings on the 


onal quantum n unbers associated with the two doubly ce generate modes, but fails to 

be properly the interaction between the inversion co-ordinate and the remaining non- 

degenérate vibrational co-ordinat« The inversion-rotation constants calculated from the 

lowest order vibration-rotation inversion Hamiltonian im most Cases « ompare surprisingly well 


with the observed numbers Examination of the complete vibration rotation-inversion 


Hamiltonian suggests that some of this agreement may be fortuitous. The task of diagonalizing 
the complete Hamiltonian is « omphcate d by the presence of several resonances, and, although it 
has been carried out for the first two pure inversion states, has not yet been accomplished 
in general 

The Table | gives the comparison between the calculated and observed inversion splittings 
of the pure \ ibrational states (M7). 


Table | 


Obs 
Level Level 


(em 1) 


001 10° (0-34) 35 
0-46 43 
00822 1-33 42 110°" 
000828 1-34 2-24 
0-42 57 


The virial theorem and internal rotationst: Witiiam L. Currox, Chemistry Department, 
Brookhaven National Laboratory, Upton, Long Island, New York. 


The virial theorem is use to show that the barrier to internal rotation, AW, is 
AW LA ; A<T 


where JV is the total electrostatic potential energy operator, T is the electronic kinetic energy 
operator and the average is over electronic space. These criteria, which are exact within the 
Born-Oppenheimer approximation, are applied to some of the theoretical models that have 
prev iously been proposed for internal rotations. 


Stark effects in the v, band of HCN?: Pav D. Maker§, Department of Physics, University of 
Michigan, Ann Arbor, Michigan. 


A detailed study of the effects of a uniform electric field upon the », band of HCN has been 


made. With a 120 kV/em electric field and 0-05 cm™~ spectral resolution the m-substructure 


Research performed under the auspices of the United States Atomic Energy Commission. 


+ 
t Supported by the Air Force Cambridge Research Center. 
§ Corning Glass Works Foundation Fellow. 
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of the lines with J 3 is completely resolved. With high fields, the R(0) line shifts by as 


much as 0-9em™~!. Conventional perturbation theory is not adequate in this case because the 


perturbing energies are larger than the rotational terms whenever the splittings are large 
enough to be resolved. An exact solution is available 


1] and is found to account for the experi- 


mental results. The data allow for a determination of the dipole moment of the molecule when 


it is in the excited vibrational state——an increase of approximately 2 per cent above the ground 


state value is indicated. 


Analysis of perpendicular bands of polar symmetric-top molecules by means of the Stark effect * : 
C. W. Perers, Randall Laboratory, University of Michigan, Ann Arbor, Michigan. 


The frequency shifts of transitions between levels of a polar sy mmetric-top molecule due to an 


electric field are largest for those having J approximately equal to K and both J and K small. 


The difference signal arising from an a.c. electric field applied to the gas weights the transitions 


accordingly, and considerably reduces the complexity due to the overlapping of the P- and 


R-branch lines of the K-sub-bands, so that the different branches can be readily recognized. 


Results will be shown for v, of CH,F. 


The rotational-vibrational energies of tetrahedrally symmetric pentatomic molecules—I. 
The absorption spectra of the fundamental bands: Jose Herranz, Department of Physics, 
Illinois Institute of Technology, Chicago 16, Illinois. 


The vibrational-rotational Hamiltonian function for tetrahedrally symmetric pentatomic 


molecules has been obtained to a second-order approximation. In this approximation, the 


fundamental bands (v,, v4) of the absorption spectra have been studied. The general expressions 


for the rotational frequencies are 


ys(J) ds(J) (J, T Ps Ps J, T) 


where S P, J QV, J R, J ; 7 18 an index 


which has 2./ | values; and (J,7 J, 7) is the (J, r)th element of the matrix 
of the sum of the fourth power of the components of the angular momentum, with respect 


to the molecule-fixed axes, in the representation in which it is diagonal. Expressions are given 
for ys(J) and ¢ds(7) and also the numerical values of (J, 7 J, 7) for the low J's. 


v, of ND, and v, of NOCI}: W. W. Brim, H. H. Nrevsen and K. Naranart Rao, Department of 
Physics and Astronomy, The Ohio State University, Columbus 10, Ohio. 


The v, vibration rotation band of ND, has been observed in high resolution with a vacuum 


prism-grating spectrometer. The analysis of the rotational fine structure of this band will be 
presented and the presence of “giant” /-type doubling will be shown. 


The bending fundamental of NOC, v3, Which occurs at about 30 « has been examined in high 


resolution. No rotational fine structure has been observed. The results will be discussed in 
relation to the work by EBERHARDT and BuRKE [2]. 


Analysis of symmetric-top molecular spectra by digital computer§: Joux W. Boyp and T. H 


Epwarps, Physics Department, Michigan State University, East Lansing, Michigan. 


The Michigan State University Digital Computer (MISTIC) has been programmed to 
perform the following operations: 


(1) To calculate, from a set of molecular constants, the frequency and intensity of all the 
transitions desired for both parallel and perpendicular bands of prolate and oblate symmetric- 
top molecules. 


+ Supported by the Air Force Cambridge Research Center. 
+ Supported, in part, by the Office of Ordance Research, U.S. Army, through contracts with The Ohio 
State University Research Foundation. 

§ Supported by the National Science Foundation. 
1) P. Kuscn and V. Hucnes, Handbuch der Physik Vol. XX XVII/1, p. 141. Springer, Heidelberg (1959). 
2) W. H. Esernarpt and T. G. Burke, J. Chem. Phys. 20, 529 (1952). 
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To determine by the method of least squares, the molecular constants for the ground 
and excited ite involved in the perpendicular bands of symmetric-top molecules. This 
i when the method of combination differences cannot be applied, and uses, 


in the ?P ; Provision has been included for 

eliminating onstants already known from other sources, e.g. microwave 
These programs will | witlined. and the choice of a scheme of analysis which minimizes 
ind-of ther errors will be discussed 


spectroscopy 


Low-frequency vibration rotation bands of PH,*: |. M. Horrmay, H. H. Nieises and K., 
Naranart Rao, Department of Physics and Astronomy, the Ohio State University, 
Columbus 10, 


low-frequency fundamentals rv, and v, of PH, has been measure d using a 


tromete! \ discussion of e results will be yiven In parti ular, 


l_type do ibling and A -t\ doubling will be ussecd \ term of second 


in the Hamiltonian will be shown t a splitting of certain energy levels in 
vo and Vy The ancl wet at 989 for which no satisfactory 


ivailable has been identified as due to 2y,--v, transition. 


Rotational distortion constants for phosphorus pentachloride: (+. THyacarasan, Department of 
Phvsics. Illinois Institute of Technology, Chicago 16, II 


most general quadratic pot ntial energy 


for phosphorus pentachloride (PCI) 


principal-axes system, expressions 
inertia tensor with respect to the 
e of the trigonal bipyramidal 
matrix F' were then used to 


the method of KiveLson and 


Structure of the secular equation giving the rotation-vibration energy levels of an axially 
symmetric molecule: Amat, Laboratoire de Chimie Physique, Facult: 
de Paris, France 


SCICTICES 


fa polvatomic molecu " obtained by solving for the 


trix wher transformed Hamiltonian 
rn. NEELSEN and Tuomas. In the case of an axially 


concerned natrix ents of H’ which can be written as: 


JKM, » Vas Ves Fes JK (1) 

where efer, respectively, to non-degenerate and twofold degenerate normal vibrations 

It can be shown that a matrix element (1) is non-vanishing only if the 
verified 


following relation is 


where N is the \-fold order of the 


respectivel 


principal symmetry axis (z) of the molecule, where a, 
vy, when the vibration ¢ belongs to the symmetry species £,, Ey, 
and where p is an integer positive, negative or null. 

Various generalizations of relation (2) enable one to include the case of accidental degeneracy 
(Fermi, Coriolis,... resonances), to study asymmetric, linear and spherically 


symmetric 
molecules and to obtain the selection rules. 


Supported. in part. by the National Science Foundation and by the Office of Ordnance 


tesearch, 
United States Army, through contracts with The Ohio State University 


fesearch Foundation. 
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Session M 


The microwave spectrum of chloroallene: H. Moowx. J. H. Goupsrers and J. W. Simmons 
Departments of Physics and Chemistry, Emory University, Atlanta 22, Georgia. 


The microwave spectrum of chloroallene has been investigated in the X-band region. The 


spectroscopi parameters obtained from the zero-order fr quenci sare 2850-43, « 2665-20: 
and b 2788-59, « 2609-74, all in Me/s, for the Cl and #"Cl species, respectively. Using 


additional assumptions based on allene, the following set of structural parameters was found to 


be in good agreement with the experimental moments of inertia: d{(( 19) d(C ,f 5) 1-309 A, 

The quadrupol coupling constants for #°Cl and respectively, are 41-5, 
(eq@),, 35°3; and (eqQ (eqY),, 28-3, all in Me/s. Calculations based on the 


above structure indicate that a-electron transfer is comparable to that in vinv] chloride, but that 


( Cl bond asvinmetry appears to be somewhat lower. 


The microwave spectrum of chlorine dioxide: ht. F. Cur., Jr. and James L. Kinsey, Department 
of Chemistry, The Rice Institute, Houston, Texas and Joun G. BAKER. Department of 
Physics, Duke | 


niversitv, Durham, North Carolina. 


Well ov 
The results reported here are based on the study of some of the simpler rotational transitions, in 
| 


For a singk Isotope speci this transition should consist of twenty-five lines arising from 


era hundred lines have been measured in the micro vave spectrum of chlorine dioxide. 


ol 


particular | 10° 


hype rfiine structure chlorine has two stable otopes, °°Cl and °‘Cl, there 1 ill be fifty lines, 


of these thirty, eight have been observed and all quantum numbers assigned. This “assignment 


though promising is still tentative 


There appears to be some reason to believe that the theory of the interac tions in molecules 


such as CIO, is not comple tely satisfactory In addition not all of the interaction parameters are 


determined by |), lio rherefore the assignment of other rotational transitions is not straight- 


forward. Efforts to make these assignments will be described. 


Measurement of the width of microwave spectral linest: HMocar A. Rinenarr, Rocer KLEEN 
and Cuun C. Lox, Department of Physics, University of Oklahoma, Norman, Oklahoma. 


widths of a few ammonia lines have been measured by a microwave spectrograph 


The 


constructed for this PUPpose Measurements were made by the use of source modulation with 


low amplit ide The effects of the frequency, amplitude, and the wave-form of the source 
been investigated and a theoretical analysis is presented. The problem of 


modulation have 


power saturation has also been examined. The technique of modulation and detection will 


be discussed. 


Microwave spectrum of cis-1-fluoropropene* : Ropert A. BEAUDET, Department ol Chemistry, 
Harvard University, Cambridge 38, Massachusetts. 


The microwave spectrum of ¢/s-1-fluoropropene (¢/s-CH,CH—CHEF) was studied in the region 
8000 to 36,000 Me/s with a conventional stark modulated spectrograph. The moments of inertia 


indicate that the heavy atoms lie in a plane. Determination of the barrier to internal rotation 


in the ground torsional state leads to a remarkably low barrier of 1030 cal. The low value will 


be compared with the barriers of propylene, 2-fluoropropene, and trans-1-fluoropropene. 


Possible causes for this anomaly will also be discussed. 


+ Supported jointly by the National Science Foundation and the Office of Naval Research. 
* Supported by the Office of Naval Research. 
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Computer simulation of the electron spin resonance spectra of aromatic ions and radicals: 
L. C. Sxyper, Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey. 


Applications are presented of a computer program which prepares and plots theoretical 


electron spin resonance spectra having a maximum of 4096 lines. Spectral lines are assumed to 


have a Lorentzian shape with a specified line width in gauss. Proton hyperfine splittings 


computed from spin densities obtained with simple molecular orbital theory or the valence 
) 


bond method are used to construct and plot the e.s.r. spectra for naphthalene'~’, anthracene! 


perinaphthene, and other aromatic ions and radicals. 


Relative signs of nuclear spin-spin coupling constants in some ethyl compounds: |’. T. 
NARASIMHAN?* and Max T. RoGers, Kedzie Chemical Laboratory, Michigan State University, 


East Lansing, Michigan. 


The high-resolution proton magnetic resonance spectra of ethyl acetylene, ethyl mercaptan, 
phosphorus triethyl, lead tetraethyl and tin tetraethyl have been studied at both 40 Me/s and 


60 Me for the purpose of determining the relative signs of some nuclear spin-spin coupling 


constants (./) in these molecules. Theoretical analysis of the spectra of ethyl acetylene and ethyl 


mercaptan as A,B,C systems shows that the proton—proton spin couplings J(AB) and J(BC) 


have the same sign in ethyl mercaptan while these have unlike sign in ethyl acetylene. The 


proton magnetic resonance spectrum of phosphorus triethyl has been analyzed as an A,B,X 
system The coupling constants J@p H(CH,)) and J('P-——-H(CH.,)) differ in sign. Tin 
tetraethyl vields a complex A,B, type spectrum even at 60 Mc/s and in addition “satellite” lines 


are observed due to the naturally present "Sn and ™*Sn isotopes. Analysis of the satellite 
spectrum as A,B,X type shows that J(!7™®Sn—H(CH,)) and J(!'*'""Sn—H(CH,)) have unlike 
signs. The satellite spectrum in the case of lead tetraethyl due to *°7Pb has been similarly 
analyzed and it is found that J (2°? Pb H(CH,)) and J (297 Pb H(CH,)) have different signs. 
The significance of the signs of these coupling constants in relation to the theory of nuclear 


spin-spin coupling in molecules will be discussed. 


Proton magnetic resonance spectra of acrylonitrile and methyl substituted acrylonitriles: 
G. 8S. Reppy, J. H. Gotpsters and Leon Department of Chemistry, Emory 


University, Atlanta, Ceorgia. 


NMR spectra of acrylonitrile and all the three methyl substituted acrylonitriles were 
obtained at 40 Me/s and complete analyses were carried out for all these compounds. The 


acrylonitrile analysis was done with the help of deuterium substitution at the a-position. 


The shifts at infinite dilution in TMS were obtained for all the protons in all these compounds. 


Anisotropic shieldings due to the nitrile group on all the protons were calculated and corre- 


sponding corrections were applied to the shifts at infinite dilution. The corrected shifts and the 


coupling constants are in agreement with expectations based on considerations of structure 


and electronegativity. A linear correlation has been attempted between the cis- and trans-proton 


shifts and the substituent bond moments in a series of substituted ethylenes. In order for 
acrylonitrile to fit in the series it is necessary to use shifts corrected for ( N anisotropy. as 


Measurement of activation energies of proton transfer in methylammonium and ammonium 


chloride solutions: T. M. Conner and A. Loewenstein, Department of Chemistry, an 
Columbia University, New York, New York. oe 


Observations of the temperature dependence of the nuclear resonance spectrum of the methyl 
group in methylammonium chloride solutions have enabled a value for the activation energy, AE, 


associated with the two predominant proton transfer reactions to be derived. A value of 


AE 0 1 keal has been obtained. Rate constants have been measured over a concentration 


+ Present address: Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois. 
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range of 0-25M to 4:0 M, using similar methods to those previously applied [1]. Similar 
experiments are in progress to determine the proton transfer activation energy in ammonium 
chloride solutions, and will be reported. 

The results will be discussed with reference to recent theories of proton transfer in amine 


solutions [2]. 


13C-Nuclear magnetic shielding in aromatic compounds: H. Sriesecke and W. G. SCHNEIDER, 

Pure Chemistry Division, National Research Council, Ottawa, Canada. 

The relative *C chemical shifts of some monosubstituted benzene derivatives have been 
measured. The assignments were made with the aid of the spectra of the 3:5- and 2:4:6-deuterated 
analogues. The most striking feature of these results is the very large shift to low field of the 
substituted carbon atom. Of the remaining ring atoms the para-position is the most sensitive 
towards any change in the inductive and mesomeric character of the substituent. The results are 
discussed in relation to the corresponding proton chemical shifts 

The non-bezenoid five-membered ring compounds show a steady increase in “‘aromaticity”’ 
from furan, pyrrole to thiophen. In contrast to chemical reactivity, the 3- and 4-positions are the 
most shielded. The C-——-H coupling constants show the expected correlation with s-character of 
the bond. 


Electronic spectra of some remarkable symmetric polymethine dyes: ELkoMmossf, 
Laboratorie de Spectroscopie et d'Optique du Corps Solide, Institut de Physique, Strasbourg. 


The visible and ultraviolet absorption spectra of some remarkable dyes were studied. The 
calculations of the spectra of these dyes in the approximation of the Metallic Model, taking into 
account the branching of the chain of the molecule, do not depend on any unknown parameter. 
The comparision between the theoretical and experimental results for the spectra of the dyes 
studied, has the character of a test for this model. The model of / | electrons is in pertect 
agreement with the experiment; that of 1 electrons in complete disagreement with the 


observed spectra. 
Session N 


The effect of pressure on hydrogen bonding in amide solutions?: Wiciiam G. Matscu, Homer W. 
ScHamp, Jr. and Venucopat Kesavu tv, Institute for Molecular Physics, University of 
Maryland, College Park, Maryland. 


The absorption spectra of solutions of amides in binary solvents have been observed over the 
range 1—10,000 atm. Mixed solvents such as chloroform—Freon 11(CFCI,) and benzene—Freon 11 
were used since they not only satisfy the usual requirements for spectroscopic solvents, but also 
remain liquid over a wide composition range at these pressures. Unsubstituted amides, N- 
substituted amides, imides and compounds with other structural features were studied. Of 
special interest are the solutions of N-substituted amides in solvents containing benzene, where 
a complex, apparently involving both the amide and benzene, is formed [3]. The frequency 
shifts and intensity changes of the various bands can be correlated with the relative stabilities 


of the various solute species. 


Vibrational equilibration in evaporation: Koserr L. Browy, Ricnarp G. Brewer and 
WituiAM KLemperer, Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 

The vibrational distribution of iodine molecules freely evaporating from crystalline iodine 
has been determined by measurement of intensities in the visible band system using a multiple 
traversal cell. Preliminary measurements indicate that the gaseous molecules leaving the 
surface are in vibrational equilibrium with the solid. 


Present address: Radiation Project, University of Notre Dame, Notre Dame, Indiana. 
Aided by National Science Foundation Grant G7335, 


=. GRUNWALD ef al, Private communication. 


+ 
| E. Grunwap, A. LomWENSTEIN and 8. Mersoom, J. Chem. Phys. 27, 630 (1957). 
I 
Suzuki, M. Tsusor, T. SHrmanovcnuti and 8, Mizusuima, J. Chem. Phys. 31, 1437 (1959). 
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Digital computer programming for the localized mode method of vibrational calculations: 


Wavrer F. Ence.., Perer Moore and Prero Ceccnt, Wetherill Chemistry Laboratory, 


Purdue 


University, Lafavette, Indiana. 


The localized mode method of vibrational computation is designed to take advantage of a 


priort information about the form of the modes of vibration. Hence it should be useful in 


reducing machine time whenever iterative methods are employed, as, for example, in digital 


computation \ program for the Datatron computer has been in use for more than a year. 


It computes either frequencies or force constants, as well as the form of the vibrational modes 


and the equations between frequencies and force constants. The program and experiences with 


its tise will be che scribed 


Because of storage restrictions in the Datatron, the size of the vibrational computation 


which may be treated by the above program is limited. To alleviate this problem, a Fortran 


program has been written for the IBM-—704 computer (32 K magnetic core At the present 


writing, it has not vet been compiled and placed into operation. Its features will be described. 


A physically significant molecular potential function: |). K. Witmsuvrsr, Parma Research 


Laboratory, Union Carbide Corporation, Parma, Ohio 


\ molecular potential function, using Morse functions to describe the bonds, Lennard .Jones 


6:12-funetions to deseribe non-bonded interactions and a two minimum cosine function to 


describe the inversion process, has been sugvested for non linear X\¥ . and non planar XY, 


molecules. Relating this function to the quadratic potential function derived from spectroscopic 


data leads to a partial evaluation of the constituent functions. This will be illustrated for a 


number of molecules 


Shifts and shapes of spectrum lines: D). H. Rank, D. P. Eastman, W. B. Bieriey and T. A. 


Wicers, Physics Department, The Pennsylvania State University, University Park, 


Pennsylvania 


\ description of the methods used to determine line profiles with diffraction gratings will be 


described. Typical profiles obtained for infrared band lines perturbed by foreign gases will be 


discussed 
Shifts of the energy levels of HC] perturbed by rare gases will be discussed. 


Infrared spectra of cyanide ions: Arruur (. Maki, National Bureau of Standards, Washington 
25, D.C 


Because X-ray diffraction studies [1] have indicated that the cyanide ion may undergo 


hindered rotation in potassium cyanide and sodium cyanide, we have made a study of the 


infrared spectrum of the cyanide ion in a number of solids. Both the fundamental and first 


overtones of these salts were observed In order to eliminate the effects ot intermolec ular 


interactions a study was made of the spectra of solid solutions consisting of cyanide ions in 


various alkali halide host lattices. Results of a study of spectral variations over the temperature 


range from 5 to 300 K will be discussed. These variations may be interpreted as evidence 


of a hindered rotation. 


Crystal field matrix elements for transition-metal and rare-earth ions: %. R. Poto, RCA 


Laboratories, Princeton, N.J. 


The Hamiltonian of an ion in a crystal lattice may be considered as the sum of two terms, the 


free-ion Hamiltonian and the crystal potential 


H 


H, 


The free-ion Hamiltonian is invariant under rotations while V’, has the lower symmetry of 


the crystal lattice. It is usually preferable to adopt a system of spherical basis functions and 


1| J. M. Brsvoer and J. A. Lery, Rec. trav. chim. §9, 908 (1940). 


1270 


| 
19 
Pe 
7 
4 
} 
= 


Rep wts of Meetings 


the 
The ery stal potential acting on the electrons of the central ion may be expanded as a series 


introduce transformation to the system with lattice symmetry only in the last stage. 


of spherical harmonics 


SS. 


According to the Wigner—Eckart theorem, the matrix elements of an operator |’,.” between 


states of a configuration /" are the product of two factors 


MaM’ 


The geometrical properties are entirely contained in the first factor, a Wigner 3j-coefficient 
(or Clebsch—CGordon coefficient). The second is the reduced matrix element”’’ and is determined 


by the physical properties of the electronic states and the operator, so that when the trans 


formation to a lower symmetry is introduced it only appears as a common factor. 


In the present work we have calculated the reduced matrix elements of the operators 


U, dui) (to which the Y, are easily related) for all possible values of k between all states 
of the d" (n 1 to 5) and f" (n 1 to 7) configurations, with the exception of the singlets and 


triplets of f®, and the doublets of f° and f7. 


A table of Wigner 3)-coefficients | Ji 


has been prepared for the range 
Mm, My Ms 


0 /y ™ J2 J/3 10 


The linear combinations of spherical harmonics that transform according to the different 
irreducible representations of the thirty-two crystallographic point groups have also been 


obtained. These provide the coefficients of the transformation between spherical and crystal 


symmetry. 


The calculations have been done with an IBM 650 computer with the exception of some at 


the early stages. All the results are in exact form. The are given in terms of products of prime 


numbers. 


Microwave spectrum, structure, dipole moment, and internal barrier of vinyl silane*+: James M. 
O’Reittyt and Lovis Prerce, Department of Chemistry, University of Notre Dame, 


Notre Dame, Indiana, and Lawrence C. KrisHer§, Department of Chemistry, Harvard 


University, Cambridge, Massachusetts. 


The a-type spectra of eleven isotopic species of vinyl silane have been measured. From 


observed ground state -otational constants the structural parameters of this molecule are 


calculated to be 


C=C 1-347 A siC—C 122° 53’ 
si—C 1-852 HSiH 108° 42 
SiH 1-475 CCH (trans) 120° 38 
C—H (trans) 1-097 C—CH (cis) 120° 18’ 
C—H (cis) 1-097 C—CH 117° 59 


C—H 1-094 


The equilibrium conformation of the molecule has also been determined. The silyl group of viny! 
silane is staggered with respect to the adjacent CH bond. 


+ This research was made possible by support extended to the University of Notre Dame by the 
National Science Foundation, and in part by support extended to Harvard University by the Office 
of Naval Research 

t Now at General Electric Research Laboratory, Schenectady, N.Y. 
§ Now at Columbia University Radiation Laboratory, New York 27, N.Y. 
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Stark effect measurements on the common isotopic species of vinyl silane vield for w,. ~, and u 


the values 0-648, 0-133 and 0-66 D respectively 


The barrier to internal rotation for vinyl silane has been calculated from splittings of ground 


naors H Hi of first excite state transitions of SiH,CHCH 


SDCHCH mi also from Stark effect measurements on the A 12<-1 transitions of 


SH ACH( iH, The various calculations are all in good agreement, and the best value for the 


cal mok 


Microwave spectrum, structure and internal rotation of dimethyl sulfidet: Micnimo Havasu 
u Department of Chemimtry, University of Notre Dame. Notre Dame. 


The La tra four motome spemes of dumethy! sulfide have been measured 


From gr mi state rotational constants the structural parameters of this molecule are calculated 


1-908 


~ 


The .wetrum of (2% H. 8 has been investigated at very low gas pressure and low micro 

Lncler the nditions the low /-transitions are resolved into closely spaced 
SMe ts. Under the same conditions the low J -lines of ("CD,)("CH,)"Ss are resolved into 

i bolert Dhe fine structur n both cases is a result of coupling of internal and 

' " ! Neglecting those terme in th Hamiltonmn which represent the effects of 

f roy he barner to internal rotation about the C——S bond is calculated 


2130 


Microwave spectrum, dipole moment, and internal rotation of ethyl silane’: 1). H. Perersen 


umd Loves Prerce, Department of Chemistry, University of Notre Dame. Notre Dame. 


rotational transitions of five isotopic species of ethyl silane have been measured : 
and assigned. The splitting of transitions due to coupling of overall and internal rotation is too 
sna t be resolved for the ground state transitions of this moleculk Howe ver, doublets 
> 


belonging to an excited torsional state have been observed in the spectrum of CH,CH,SiH, 


From the doublet spacings the barrier to internal rotation about the C Si bond is calculated 
to be 1940 40 cal/mok Transitions arising from excited torsional states of the methvl 
group ha not as vet been assigned 


Stark effect measurements on CH if H SiH, vield for #.. #, and a the values 0-72, 0-36 and 


tively 


Some structural information has been obtained, but the data obtained to date are not 


suffiment to calculate the complete structure of ethyl silane 


Session P 


Recent work in hindered rotations: DoxaLp G. BuURKHARD. University of Colorado. Boulder, 
Colorado 


Absolute intensity measurements in the infrared solar spectrum: Ricnarp Goopy, Harvard 


University, Cambridge, Massachusetts. 


Infrared filters: 


Turopore Cosurx, Eastman Kodak Company, Rochester, New York. 


+ This research was made possible by a grant from the National Science Foundation. 
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Session Q 


An inexpensive grating spectrometer conversion for rapid scanning, high resolution work: 
Ricnarp A. Jeweii, Commercial Solvents Corporation, Terre Haute, Indiana. 


This paper describes the modification of a Perkin-Elmer model 12-C spectrometer for higher 


resolution in the 2-5 to 54m region Brackets attached to the optical bench permitted the 


spectrometer to be mounted vertically on the wall. A spiral Nichrome V*® sourcet replaced the 


globar. The original curved entrance-slit-jaws, parabolic mirror, and lithium fluoride prism were 


retained. The Littrow mirror, however, was replaced by a 7500 lines/in. replica grating blazed 


at 3-5 “> in a specially made kinematic mount. In order to take better advantage of the increased 


resolution, a more sensitive thermocouple§ was installed and the range of the Brown recorder 


lowered to 5m\ Since eighty revolutions of the micrometer reference dial are required to 


traverse the first -orde region of the grat ing, an optical lever arrangement was added to facilitate 


presetting of the grating angle. The modified spectrometer may be operated at maximum 
1 


scanning speed without materially affecting its best resolving power of 1-2 em 


Theory of the ellipsoidal concave grating: T. Namioxa, Kitt Peak National Observatory. 


The Association of Universities for Research in Astronomy, Inc., Tucson. Arizona. 


Although technological difficulties have so far prevented manufacture of aspherical gratings, 


the advantage of the use of aspherical gratings in spectrographs and spectrometers, especially in a 


spectrometer auxiliary to an orbiting telescope, militate in favor of theoretical examination of the 


optical characteristics 
Optical properties of the ellipsoidal concave grating have been studied. The ellipsoidal 


concave grating has a circle as the focal curve which is similar to the Rowland circle in the 


spherical concave grating mounting. The grating equation is also the same as that of the 


spherical concave grating. By proper choice of lengths of the semi-axes of the ellipsoid, images 


are made nearly stigmatic and the optimum grating width is made wider than that of the 


spherical grating in a limited wavelength region. Comparison ot optical properties of the 


ellipsoidal concave grating with those of the aspherical concave grating and the numerical data 


for actual grating mountings will also be presented 


Filters for the far infrared region: Yaniko Yamapa, Axryosm: and Hrrosni 
YosHInaGa, Department of Applied Physics, Osaka University, Osaka, Japan 


Reststrahlen reflectivities of several specimens of alkali halides and other crystals, which are 


used as reflection-type filters, were measured or remeasured in detail in the far-infrared region. 


Polyethylene films having finely divided materials imbedded, have strong absorptions at their 


lattice-vibration wavelengths, mostly in the far-infrared region. The materials in thi poly 


ethylene included sulfides and oxides of cadmium, zinc and other metals. The transmission 


increases rapidly at the longer wave side. It is, therefore. possible to make transmission filters 


which absorb fairly broad wavelength intervals, and to vary the center and the breadth of these 


intervals by changing the mixtures of the powders. 
Data for both types of filters will be presented. 


Echelle type spectrograph for the near infrared: D. H. Rank, D. P. Eastman, W. B. Bieriey, 


GEORGE Skorinko and T. A. WieGtns, Physics Department, The Pennsylvania State 


University, University Park, Pennsylvania. 


The 5m evacuable double-passed grating spectrograph previously described has been 
modified so that all but 10 in. of the total optical path is now evacuable. 
The foreprism system has been redesigned so that overlapping high-order infrared spectra 


+ D. D. Ertey and L. W. Hersuer, The Dow Chemical Company, private communication 
t Merton-NPL diffraction grating, Ruling no 287A, Sir Howard Grubb, Parsons & Co. Ltd., Newcastle- 


upon-Tyne, England. 
§ RP-3W thermocouple, Charles M. Reeder & Co., Detroit, Michigan. 
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an be separated allowing the use of coarse gratings. This permits the use in the overlapping 
orders of highly precise absorption wavelengths as standards. Provision is made to keep the 
band pass of the foreprism monochromator in svnchronization with the rotation of the grating. 
An addition to the scanning system provides wavelength markers on the recorder chart. 
wth marker system is arranged so that accelerated scanning can be performed in 
ons where lines are not being measured. The marker system is also useful in 

weasurement of small rrequency shifts 
determination of the dispersion by means of interferometric 


s described 


surements on several bands of HCI will be reports dl 


Properties of an echelle grating in the infrared: luitir R. Kennicorr and Ricnarp M. Bapcer, 


California Institute of Technology, Pasadena, California. 


intensity distribution in the infrared given by a rather 
phenome non ot double reflec tion the ettic rency ol 
trum from : 23 4, and in general the 
superior to that in a higher order adjoining 


tv of scanning the entire near infrared in 


Wavelength calibration techniques in the far infrared (20-600 y)*: K. Naranani Rao, 
Department of Physies and Astronomy. The Ohio State University, Columbus 10, Ohio. 


techniques determining wavelengths in the far 
| 


ctrum. Spectra observed in the ar far infrared 


Peculiar effects in the infrared absorption spectra of certain molecules: J. ©. Evans, Chemical 
Physics Research Laboratory, The Dow Chemical Company, Midland, Michigan. 


general occurrence hi been studied in infrared 

Raman vectra have aided in the 

en certain vibrational energy levels 

of the molecules. This restricted 

spread of the « values of one of these levels 

tant some of t molecules are in a suitable 

to occur | most of the molecules the two 
tion 

ived and - i compared with the observed 


Rotational isomerism in some conjugated molecules: Kiaus Noack and R. NormMan JONgEs, 
Division of Pure Chemistry, National Research Council of Canada, Ottawa. Canada. 


Comparative studies have been made of the infrared and Raman spectra of several compounds 


ot t he typ 


where X is CH, or O and Y is H or CH : The measurements extended over a temperature range 


from to 200 
Supported n part. by the Office of Ordnance Research, United States Army, through contracts 
jhio State University Research Foundation. The work reported will summarize the different 
tions carried out in collaboration with Vivian Srxnerr, J. M. Horrman and W. W. Brim. 


tio 
investiga 


1274 


Paes 

ca 

oe : An investigation has been made of the i 
special echelle grating Apparently duc 

the grating rly constant in the fir 
first-ord intensity at a given wavelengt! 

but not quite coincident with the blaze. The possihi|| 
on WSS IS SuUgvested 
: 

region of the electromagnet: sp) i 

<7 
te region be shown VC 
] 
oe Unusual effects which are believed to be a 

ibsory spectra of certain mole ile . 

oo nterp tior It is postulated that an in 

perturbation is possible because of t] larg 
med DY ntermotectuiar interactions \t 

re eae condition for a relatively sti ny perturbat 

el il too tar apart tor appreciable int 

spectra of several molecules 

sho 

i 
, 
| 


teports of Meetings 


These investigations show that most of these substances exist predominantly in the planar 
s-trans-configuration and only in the case of methylviny! ketone could the presence of s-cis-form 
be positively established. Several deuterated species were also investigated 


Interpretation of experimental absorption contours in the rotational spectra of ozone and sulfur 


‘ 
Ms dioxide*: E. K. Gora, Department of Physics, Providence College, Providence, Rhode Island. 


Danti and Lorp [1] recorded rotational absorption spectra of ozone and sulfur dioxide 
between 50 and about 75em 1 and reported good agreement between the strong absorption 
peaks in the ozone spectrum and calculated frequency values of the Q-sub-branches previously 
obtained by Gora [2] for this spectrum, agreement between observed and calculated values 
appeared, however, less satisfactory for the Q-sub-branches of SO,. Frequencies and intensities 
of all the lines contributing more than about 10 per cent to local absorption inthe SO, spectrum 
have now been ealculated. The results obtained show that all the peaks observed by Danti 
and Lorp in the SO,-spectrum are primarily due to clusters of overlapping ?-lines; the contri 
bution of the Q-sub-branches to some of the observed peaks drops from about 45 per cent 
1 


0 about 10 per cent near 75 ¢m 1 In the ozone spectrum, on the contrary, 


near 50 em 
the strong absorption peaks are primarily due to the Q-sub-branches. The mean deviation 
between observed and calculated peak frequencies is about 0-05 em~! for both spectra. Line 


width variations have been taken into consideration in the evaluation of the absorption contours. 


Session R 


Influence of vibrations on molecular structure determinations—I. General formulation and 
empirical study of anharmonic potential constants: DupLey RK. Herscusacn® and Viceror W. 
LAURIE$, Department of Chemistry, University of California, Berkeley, California 


In order to take full advantage of accurate rotational constants for the determination of 


for the effects of vibrations. For this 


molecular structure, it is necessary to make allowance 
purpose, the expressions for effective moments of inertia have been put into a form which 
facilitates the calculation of corrections for interactions between vibration and rotation. This 
form 1s particul rly adapted to the treatment ot isotopically substituted species. It is found that 
the dominant vibrational correction both to the effective moments of inertia and to isotopic 
differences arises from cubic terms in the potential function. To provide a basis for estimating 
these corrections for general polyatomic molecules, the data available for diatomic and triatomic 
molecules has been analyzed. A strong correlation has been found between cubic force constants 
of diatomic molecules and internuclear distance, similar to Badger’s rule for quadratic constants. 
Furthermore, cubic constants appear to be transferable to about the same extent as are quadratic 


constants. 


Influence of vibrations on molecular structure determinations—II. The “quantum defect” 
and similar effects: Vicror W. Laurie§ and DupLey R. Herscusacut, Department of 
Chemistry, University of California, Berkeley, California. 


The vibrations of a molecule cause terms to appear in the expressions for spectroscopic 
effective moments of inertia which do not obey the relations fulfilled by ordinary moments 
of inertia. One familiar example is the fact that J, I 0 for planar molecules, resulting 
in the “quantum defect”. Nevertheless, the ordinary relations are often used in determining 
molecular structures. In this way errors and inconsistencies are introduced into the parameters 


A discussion of these errors and some ways of compensating for them will be given. Particular 


ee attention will be given to the “quantum defect” and related effects. 
. + Supported by the Geophy sics Research Directorate, Air Force Cambridge Research Center. 
* Alfred P. Sloan Fellow. 
§ National Science Foundation Postdoctoral Fellow, 1959-1960. 
- 1} A. Danti and R. C. Lorp, J. Chem. Phys. 30, 1310 (1959). 
2) FE. K. Gora, J. Mol. Spectrosc. 3, 78 (1959). 
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Out-of-plane vibrations of thiophene and substituted thiophenes: James E. Stewart, Beckman 


Instruments, Inc., Fullerton, California. 


The infrared spectrum of thiophene vapor has been recorded with a grating spectrophoto- 
meter. The following assignment is based on selection rules for C,, symmetry, infrared band 
contours, and Raman depolarizations: (a,) 3110, 3092, 1410, 1358, 1083, 1035, 839, 604; 
(ag) 898, 686; (6,) 3085, 2996, 1546, 1386, 1276, 1257, 748; (6,) 867, 712, 452 em 1 A normal 
co-ordinate treatment of the out-of-plane a, and 6, vibrations reproduces these frequencies 
and predicts the occurrence of the remaining a, vibration at about 200 em 1 However, this low 
frequency results in a contradiction between observed and calculated thermodynamic properties 
which might be avoided by postulating the occurrence of pseudo-rotation of the ring in place of 
a genuine vibration. 

The force constants of the thiophene molecule have been transferred to calculate the out -of- 
plane vibrations of substituted thiophenes. Agreement with experimental values is generally 
good for the C--H bending modes. Because of the similarity of the spectrum of thiophene to the 
spectra of furan, selenophene and pyrrole it is felt that frequencies of substituted forms of the 


latter molecules can also be calculated using force constants of the parent molecules. 


A direct method of approximating force constants: Oars Riscix, Willow Run Laboratories, 
and Rosert C. TayLor, Department of Chemistry, The University of Michigan, Ann Arbor, 
Michigan. 


A method will be described whereby a complete set of harmonic force constants can be 
calculated explicitly from the frequencies of a molecule and the molecular geometry. The 
procedure will be developed in terms of the F’- and G-matrices introduced by WiLson. Examples 
of the application of the method to some simple molecules will be given and the relationship 
of the calculated force constants to what may be termed the true force constants of the molecule 
will be discussed. The method appears useful in making frequency assignments and in obtaining 


a good first approximation to the correct force constants. 


Anharmonicity of valence forces in some linear triatomic molecules: J. PLivat. Division of 


Pure Chemistry, National Research Council, Ottawa, Canada. 


It was previously shown [1] that an empirical valence-force type potential function set up in 
terms of ge neral valence-force displacement co-ordinates may be used for an adequate represen- 
tation of the potential energies of simple polyatomic molecules and their isotopic derivatives. 
The function uses a Lippincott type potential [2] for the description of the bond-stretching 
motions, another simple function for the deformation vibrations, and involves a certain small 
number of parameters accounting for higher-order interactions between the motions described 
by all the co-ordinates. The form of the expressions for the cubic and quartic potential constants 
in terms of the quadratic constants and the parameters of the function has now been investigated 
in more detail for some linear triatomic molecules (CO,, CS,, OCS, HCN). Experimental data 
available for CS, appear to be slightly inconsistent with those for CO, and OCS. A high- 
resolution study of some infrared bands of CS, and of an isotopic derivative of OCS would be 
needed to resolve this difficulty. 


Vibrational assignment and force constants of 8, from a normal-—co-ordinate treatment: Donan 
W. Scorr, Thermodynamics Laboratory, Petroleum Research Center, Bureau of Mines, 
U.S. Department of the Interior, Bartlesville, Oklahoma. 


Normal co-ordinate calculations were undertaken for S, to improve upon earlier work that 
had not included torsional forces about S—-S bonds explicitly, despite the importance of these 


+ On leave from Institute of Chemistry, Czechoslovak Academy of Science, Prague, Czechoslovakia. 
11 J. Priva, Collection Czec hoslov Chem. Communes. 23, 777 (1958). 
2) E. R. Liprrxcorr and R. Scuroeper, J. Chem. Phys. 23, 1131 (1955). 
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forces in determining the stability of S, relative to other species. A second improvement was the 
requirement that the vibrational assignment be consistent with thermodynamic data for 8,. 

Internal co-ordinates used were changes in the S—S bond lengths, S—S—S bond angles, and 
dihedral angles about S—S bonds. Redundancy relations among these co-ordinates, which only 
introduce zero roots into the determinantal equation, were not all derived explicitly. The five 
constants of a modified valence-force potential field were evaluated by a least-squares adjustment. 
This potential field is equivalent to a Urey—Bradley field with torsional forces included. 

Several revisions were necessary in the earlier assignment of GuTuRiIk et al. [1] Some changes 
were made to obtain a reasonable preliminary set of force constants, and others were made so 
the least-squares adjustment would converge satisfactorily. 

The suspected importance of torsional forces was confirmed. The torsional force constant, 
dyn is even greater than the angle-bending force constant, 0-08 dyn em~!. 

Calculated frequencies and observed frequencies (that are consistent with thermodynamic 


data) are as follows. 


Calculated frequencies Observed frequencies 


(em 1) (em?) 


469, 202 470, 216 
522 inactive 
152 150 
469, 228 465, 225 
518, 154, 86 520?, 152, 86 
520, 189 5207, 185 


Estimation of the cubic potential terms and equilibrium C—H bond length of methane?: 


Kozo Kucurirsu and L. 8. BarTeLL, Department of Chemistry, lowa State University, 

Ames, Lowa. 

It is proposed that the cubic coefficients, k,,,, of the general potential function expressed in 
terms of normal co-ordinates 


‘ ijk 


may be estimated in the following way. 
If the potential is assumed to be expressible by a Urey—Bradley field modified to include 


quadratic stretching interactions F’,, dr; dr; and cubie terms of the internal co-ordinates dr, 
and rd¢,,, and if the internal co-ordinates are substituted by their expanded form in terms of the 
can be expressed in the form of equation (1) 
Bradley 


Cartesian displacement co-ordinates, then V 
by use of the relation between the Cartesian and the normal co-ordinates. The Urey 
and anharmonic stretching parameters can be estimated from the (zero-order) /’-matrix and 
anharmonicity constants, if the non-bonded and stretching potentials are assumed to have the 
Buckingham and Morse forms, respectively. 

It is found that the six principal k,;, values of water determined in this way are in good 
agreement with corresponding values calculated from the experimental «s by DENNISON’s 


method. Further, the non-bonded repulsions implied by the present scheme are consistent 


with those inferred from other evidence. 
The method is applied to CH, and CD, using the data of Jones and McDoweE t [2]. The 
cubic constants are then used to calculate the corrections of experimental bond lengths to 


equilibrium bond lengths. The spectroscopic correction, rg—r,, calculated by the method of 


+ Research supported by the National Science Foundation. 
1) G. B. Gururrie, Jr., D. W. Scorr and G. Wapprneron, J. Am. Chem. Soc., 76, G/1488 (1954). 
{2) L. M. Jongs and R. 8S. McDowe tt, J. Mol. Spectrosc. 3, 632 (1959). 
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Witson and Howarp [1], and the electron diffraction correction, r,—r,, calculated by a first-order 
perturbation method, are as follows: 
‘or 
CH, 0-008 A 0-022 A 
CD, 0-006 A 0-016 A 


From the existing spectroscopic data the most probable equilibrium distance appears to be 


1-085 A. An experimental electron diffraction study to find r, is now in progress. 


Potential energy constants, rotational distortion constants and thermodynamic properties for 


some planar XYZ, molecules: M. (). Pittat, Department of Physics, Illinois 
Institute of Technology, Chicago 16, Illinois. 


\ normal co-ordinate treatment has been carried out for the molecules COCI,, COF,, CSC1,, 


COH, and COD,, using the most general quadratic potential energy function. The potential 


energy constants obtained were then used to determine the rotational distortion constants, based 
on the first-order perturbation theory of KiveLson and Witson. The molar thermodynamic 
properties—heat content, free energy, entropy and heat capacity —also were calculated for 
twelve temperatures from 100 to 1000 K for the ideal gaseous state at one atmospheric pressure 


and with the usual rigid-rotor harmonic-oscillator approximation. 


The infrared spectra and potential constants of some monohaloacetylenes: (iranam R. Hunt and 
M. Kent Wiison, Department of Chemistry, Tufts University, Medford 55, Massachusetts. 


The infrared spectra of monofluoro-, chloro- and bromo-acetylene, and of the corresponding 
deuterated compounds have been recorded from 2 to 404. All five fundamental frequencies 


for each compound have been identified. A force constant calculation has been performed. 


B. Witsox, Jr. and J. B. Howarp, J. Chem. Phys. 4, 260 (1936). 
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The infra-red spectra of some organic nitrates 


R. A. G. CARRINGTON 
“Shell”? Research Ltd., Thornton Research Centre, Chester 


(Received 23 July 1960) 


Abstract —The infra-red spectra of twenty-nine organic nitrates have been recorded from 
2-15 » and structural correlations discussed. Intensity measurements of the bands character- 
istic of the nitrate grouping have been made. 


Introduction 
Tue infra-red spectra of some organic nitrates have been investigated by a number 
of workers and their results are summarized by BeLLAmy [1]. BrLttamy has 
concluded that in covalent nitrates the asymmetric and symmetric NO, frequencies 
occur near 1640 em~? (6-10 ~) and 1260 em~ (7-94 u), respectively. Brown [2] has 
recorded the spectra of some nitrates and considers these frequencies to be 1639 

13 (6-10 + 0-05 w) and 1279 + 7 (7-82 + 0-05 

Unfortunately, Brown recorded only the spectra of methyl nitrate, three 
secondary alkyl nitrates and cyclohexyl nitrate, and some nitroalkyl nitrates. 
He did not find any analytically useful characteristic differences between primary 
and secondary nitrates. Rossmy [3] and Branp and Cawrnon [4] have also 
recorded the spectra of simple nitrates. Kr [5] has recently analysed the 
infra-red spectrum of polyvinyl nitrate, which shows a similar spectrum to that of 
n-hexadecy! nitrate recorded here. 


Experimental 

The spectra were recorded on a Grubb—Parsons GS 2 grating spectrometer 
using undiluted samples in a cell of approximately 10 « path length. The spectra 
are shown in Figs. 1 to 29. The extinction coefficients of the 6-1 and 7-8 u bands 
were obtained from solutions of the samples in carbon tetrachloride. The con- 
centration of sample was less than 1 g/100 ml which, in a 95 « path length cell, 
gave an absorbance of about 0-4 at 6-1 4. The wavelength region from 5-75 to 8 a 
was recorded at a spectral slit width of 3 em~!. Triplicate records were made, and 
sketched background techniques used. Fig. 30 shows the calibration curve of 
cyclohexyl! nitrate indicating that the background has been correctly estimated. 


The purity of most of the samples was between 90 and 98 per cent, estimated by 


the nitrogen content. Molar extinction coefficients were calculated on the assump- 
tion that the purities so estimated were correct. 


1} L. J. Bectamy, The Infra-red Spectra of Complex Molecules p. 301. Methuen, London (1958 
2) J. F. Brown, J. Am. Chem. Soc. 77, 341 (1955). 

3) G. Rossmy, Chem. Ber. 29, 1407 (1955). 

4} J. C. D. Branp and T. M. Cawrnon, J. Am. Chem. Soc. 77, 319 (1955). 

5) S. Krimo, J. Appl. Phys. 29, 1407 (1958). 
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Fig. 5. n-Heptyl nitrate. 


TRANSMISSION 


7 9 
WAVELENGTH, 


Fig. 6. n-Octyl nitrate. 
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Fig. 11. n-Dodecy] nitrate. 
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Fig. 12. n-Hexadecyl nitrate. 
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Fig. 16. Methyl oxitol nitrate. 
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Fig. 17. Ethyl oxitol nitrate. 
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Fig. 18. n-Butyl oxitol nitrate. 
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21. Ethyl dioxitol nitrate. 
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Fig. 22. Butyl dioxitol nitrate. 
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Fig. 23. n-Hexv! dioxitol nitrate. 
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Fig. 24. n-Octyl dioxitol nitrate. 
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Methyl tetraoxitol nitrate, 
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Fig. 37. Decahvyvdro l naphthyl nitrate. 
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Fig. 28. Decahydro-2-naphthyl nitrate. 
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Fig. 29. Tetrahydrofurfury! nitrate 


Results 


Qualitative 


All nitrates examined showed the following characteristic bands, in agreement 
with the frequencies quoted above from the literature. 


6-10-6-15 « (1639-1626 em) | (NO,), asymmetric stretching mode 
7-80-7-86 (1282-1272 VANO.,). svmmetric stretching mode 
11-49-11 70 (870-855 (ON), N stretching mode 
13-16-1322 =(760-756 em™) », NO,), out-of-plane deformation mode 
14-12-14-41 4 (708-694 O(NO,), NO, bending mod 


The spectra can be further classified as shown in Table 1. 

From Table 1 it can be seen that secondary alkyl! nitrates show a splitting of the 
symmetric stretching vibration band at about 7-8 uw. This splitting is accompanied 
by a reduction in the absorbance of the bands to about half the normal value. 
Furthermore, the ratio of the absorbance of the band at 13-2 u to that at about 
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30. Calibration for cyclohexyl nitrate. 


Characteristic bands of organic nitrates 


Way 


14-3 uw is less than 1 in the case of secondary nitrates but greater than 1 for other 


alkyl nitrates (Table 2). This would suggest a method for detecting branching of 


alkyl nitrates at the carbon attached to the nitrate grouping. 
It would be expected that cyclic nitrates, with the nitrate group attached 


directly to the ring, would behave as secondary nitrates. Both the monocyclic 
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Table 2. Molar extinction coefficients of alkyl nitrates 


Nitrate 


n-Propy! 
n-Butyl 
n-Penty! 
n-Hepty! 
n-Octyl 
n-Nonyl 
: 5-Trimethylhexy] 1490 
1435 
1565 
1525 


n-Hexadecy! 1510 


n-Hexy! 
] 
] 


1408 


1500 
L670 


xtinction coefficients of cyclic nit 


940 
Doublet * 
Cyclohex-1:4-vlene 352 Doublet 
Decahydro-1l-naphthyl 870 
Decahvdro-2-n iphthyl 1240 
Tetrahyvdrofurfuryl 1170 L000 


* This doublet consists of a strong band at 7-82 4 and a weak band at 7-86 u. This split not 


very evident in the strong band at 7-85 uw in Fig. 26, the spectrum of the undiluted compound t is very 
definite, however, in the calibration solution in carbon tetrachloride. The molar extinction ceofficient 
quoted is for the stronger band at 7-82 u. 

+ This doublet consists of two bands of approximately equal strength in carbon tetrachloride solution. 
This doublet preve nts an accurate estimate being! iade of the molar extinction co¢ fficient at 7-8 


nitrates (Table 3) show the doublet characteristic of secondary nitrates at 7-82, 
7°86 uw. The bicyclic nitrates, however, do not show any obvious splitting of the 
7°8 w band. Similarly, the ratio of the absorbance at 13-2 ~ to that at 14-3 in the 
spectra of these compounds is just greater than 1, except in the case of decahydro- 
2-naphthylnitrate, where it is just less than 1. This would suggest that cyclic 
compounds should be regarded as a separate class rather than as secondary 
nitrates. Furthermore, all four of these cyclic compounds show medium-strength 
bands at about 7-6 uw. This band is not present in the spectra of other nitrates, 
except those containing less than six carbon atoms. 

A band at about 13-8 w increases in intensity of absorption with molecular 


942 1-38 1-55 
1100 1-24 1-48 
1210 1-11 1-32 ; 
a 908 1-41 1-19 
1-30 1-35 
1140 1-19 1-45 
L060 1-30 1-35 
4 1161 1-27 1-47 
4 L150 1-25 1-32 
4 
1310 1-19 1-42 
a 1210 1-26 1-32 
1180 1-28 1-49 
Average L109 1-26 
; Standard 
deviation 125 
Isopropy! S45 1-77 0-42 
1:3-Dimethvlbutv] Doublet 0-54 
1-Proy ) | Doublet 0-78 
Nitrat R 82 
14 
1-76 1-02 
3 2-28 1-27 
4 1-50 0-96 
q 1-17 3°03 
i 
a 
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Table 4. Molar extinction coefficients of polyoxitol nitrates 


on 6-10, 
[ype of nitrate €6-10 €7-80 R 


©7°80 €14-3 4 


Oxitol 


Methyl 1350 1160 1-16 1-69 
Ethyl 1315 994 1-32 1-68 
Butyl 1320 1040 1-27 1-67 


Average 1328 1065 


Isopropyl 1230 920 1-34 1-55 
s-Butyl 1280 940 1-37 1-63 
Dioxitol Average 1255 930 1-36 
Ethyl 1240 1010 1-23 1-74 
Butyl 1335 1050 1-28 
Hexy! 1300 1025 1-27 2-04 
Octyl 1460 230 1-19 1-93 
Average 079 
Tetraoxitol Average 1334 107 1-24 
Methyl 1330 1160 1-14 
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Fig. 31. Estimation of chain length in unbranched alkyl nitrates. 
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weight for straight-chain compounds. For convenience in obtaining the probable 
chain length of an unknown nitrate the ratio of the absorbance of this band to 
that of the band at 13-2 ~ was calculated. Fig. 31 shows this ratio plotted against 
the number of adjacent CH, groups. 

The presence of a —(CH,),—-O— grouping in a nitrate is shown by the presence 
of a band at about 11-05 4 and by the shift of the broad band characteristic 
of the O—N stretching vibration, at 11-55 yw, to 11-7 uw. The normal strong bands 
at about 9 mw, characteristic of the —-C—O—C— linkage, are also shown in poly- 
oxitol nitrates, as expected. The band indicative of the V(C—O) in alkyl nitrates 
(10-2 4) also appears to shift to about 9-7 ~ in the case of polyoxitol nitrates, 
except where the alkyl grouping is branched at the carbon atom adjacent to an 
oxygen atom. 


Quantitative 

Tables 2 to 4 show the molar extinction coefficients of the nitrates together 
with the ratio (R) of the molar extinction coefficients of the two (NO,) stretching 
vibrations. 

In general, cyclic and secondary nitrates appear to have much higher extinction 
coefficients than other nitrates, together with a high ratio R. Both secondary 
oxitol nitrates, however, have low extinction coefficients. 

It is interesting to observe that the molar extinction coefficients of the 6-1 yu 
band in the spectra of the alkyl nitrates appear to increase with molecular weight 
whilst their ratio R varies in a random fashion. 


Conclusions 


The use of the molar extinction coefficients of the bands at 6-1 and 7-8 uw in an 
unknown nitrate, together with bands at 13-2, 13-8 and 14-3 yw, should allow the 
nitrate to be identified. The presence of bands at about 8-9, 11-05 and 11-7 u 
allows the existence of oxitol groupings to be inferred. 


The absorption of the 6-1 and 7-8 w bands must be used with care in a general case 
since variations of --20 per cent can occur with different nitrates, but the presence 
of bands at 6-1, 7-8, 11-5, 13-2 and 14-3 uw can be taken as strong evidence for the 
presence of nitrates. Furthermore, the ratio of the intensities of the 13-2 to 14°3 a 
bands indicates whether the nitrate grouping is attached to a —CH, or a >CH 
grouping. The presence of a band at about 7-6 ~ in spectra of nitrates containing at 
least six carbon atoms is suggestive of cyclic structures. 

The ratio of the absorbance intensities of the 13-8 to 13-2 ~ bands can be used as 
a measure of the length of the straight alkyl chain in the molecule. 

Note added in proof 

Since this paper was written, GuTHRIE and SpeppING [6] have published a 
paper on the infra-red spectra of carbohydrate nitrates and sulphonates, in which 
similar conclusions about band assignments are reported. 


Acknowledgement—The writer wishes to thank the Directors of ‘Shell’? Research Ltd. for 
permission to publish this paper. 


[6] R. D. Gururim and H. Srepprne, J. Chem. Soc. 953 (1960). 
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Abstract—The infra-red spectra of a series of alkyl-substituted phenols have been measured in 
solution in carbon disulphide in the range 650-1400 em™ and are presented in the form of a bar 
diagram. The spectra have been examined to elucidate the effects of substituent positions and 
sizes and to locate characteristic absorptions. The summary chart of characteristic absorptions 


should assist in the identification of unknown pure phenols. 


Introduction 

IN THE course of our spectrophotometric analytical work we have had to undertake 
the identification of, or at least confirm the suspected identity of, alkyl-substituted 
phenols. A number of reference samples were available, the majority having been 
obtained in our own laboratories, but a few of the simpler ones of high purity were 
obtained from the National Chemical Laboratories. When, later, an unambiguous 
identification of a suitably pure compound was made (the purity having been 
checked by gas-liquid chromatography) it was added to the library of reference 
compounds. 

A library of infra-red spectra of these reference phenols was built up and, in 
view of our requirements of such a library, it was decided to run all of the spectra 
under identical conditions of state, namely as a solution in carbon disulphide. 


Certain physical constants of these pure compounds have also been determined 


in these laboratories and will be presented elsewhere. 


Apparatus 

All of the infra-red spectra were obtained with a Unicam SP100 double-beam 
spectrophotometer using a sodium chloride prism, the optical system being in an 
evacuated cover. The spectra produced are linear in wavenumber, a small 
correction being applied where necessary when the spectra were measured. The 
amount of correction required (maximum 4 cm~') was obtained from a previously 
determined calibration curve. 

The cell used was of fixed thickness with sodium chloride plates and an amal- 
gamated lead spacer, the thickness of the assembled cell being 0-238 mm as 


measured by interference fringes. 


Introductory discussion 
It was found that, for the pure compounds, a solution strength of 2-5 per cent 
by weight gave spectra which were ideal for our purpose. It must be remembered 
that the spectra of phenols change considerably with solution strength due to 
intermolecular association. These changes occur not only in the absorptions 
correlated with the C—O or O—H vibrations but also appear to a lesser degree in the 
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aromatic C—H out-of-plane vibrations near 800 cm~! commonly used to determine 
substitution patterns. 

There is also the intramolecular effect of the hydroxy! groups on these same 
vibrations and this is useful in certain cases of identification. For example, 
although the disposition of unsubstituted aromatic C—H groups is the same in 
2:4-, 2:5- and 3:4-disubstituted phenols, the spectra of these groups of compounds 
in the 800 cm~ region are significantly and characteristically different. 

The solvent used in every case was carbon disulphide because it is adequately 
transparent over the spectral regions it was desired to measure. It does, of course, 
obscure sample absorptions in the region 1400-1600 cm~! in the cell thickness 
used but it is felt that the information lost within this region has not made any 
significant difference to the ease of interpretation of spectra of unknown com- 
pounds. 

A variable thickness cell, set to 0-232 mm and filled with carbon disulphide, 
was always inserted into the reference beam to provide compensation for the lesser 
solvent absorptions. 

The study of the library of spectra falls naturally into three distinct parts and 
concern the spectral regions 650-1400 em~, 1600-2000 em~ and 2700-3700 
This paper deals entirely with the first of these regions and presents the spectra of 
over a hundred pure alkyl phenols (together with one or two other relevant com- 
pounds) (Figs. 1-11). The spectra are plotted in the form of a bar diagram in which the 
positions of absorption maxima are represented by vertical lines, the heights of which 
indicate the approximate percentage absorption at that frequency. A dotted line 
indicates an absorption not resolved from the nearest peak with greater absorption. 
An index of the spectra is presented in Table 1. Some of these spectra have been 
reported previously [1-5] but they had not always been obtained using a consistent 
sample state or solution strength. 

It has been found convenient to group together all the spectra of compounds 
with identical substitution patterns and they will be discussed in this manner. 
Within each group the compounds are placed in order of ascending molecular weight. 

At the end of the spectra a chart has been included which summarizes the spectra 
of each group (Fig. 12). It is intended to show the frequency ranges within which 
the absorptions common to each spectrum of the group may be found and also 
gives an indication of their average intensities. These absorptions are, therefore, 
characteristic of the pattern of substitution around the ring. 

Discussion of the spectra has been split up into the following sub-groups: 

(a) The aromatic C—H out-of-plane deformation absorptions near 800 em, 

(b) Other absorptions of interest in the same region. 

(c) C—O stretching and O—H deformation absorptions in the region above 
1050 

(d) The effect of substituent size or shape on the absorptions discussed in (c). 


1] D. H. Wuirren and H, W. Tompson, J. Chem. Soc, 268 (1945). 
2! T. A. Kuerz and W. C. Price, J. Chem. Soc. 644 (1947). 
3) . McGovern, Anal. Chem. 22, 418 (1950), 
. BARKER and J. R. Carcuro.e, Gas Council Research Communication GC17, 
London (1954). 
[5] J. Favre and G. Parc, Rev. Inst. franc. petrole et Ann. combustibles liquides 18, 267 (1958). 
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Table 1. Index to the spectra 


Substituent position 


Spectrum 


methyl 
ethyl 
allyl 
n-propyl 
i-propyl 
s-butyl 
t-butvl 
cyclohexyl 
benzy! 
methyl] 
ethyl 
t-butyl 
methyl 
ethyl 
allyl 
n-propyl 


i-propy! 


i-propyl 
methy! 
methyl 
t-butvl 
methyl 
ethy! 
i-propyl 
evelohexy! 
methyl 
i-propy! 

s-butvl 


: 
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= 
$$$ 
| 
- 3 4 5 
5 
6 
l 
a 
? 
13 
i4 
16 
Is 
n-butvl 
19 
s-butyl 
20 
t-hut 
evelohexy ] 
22 
benzyl 10 
octyvi*® 
te eumvi 
met i | ropvl 
2s methyl 
methyl 
ethyl 
ve vi 1] | 
35 n-propv] 
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i-propyl 
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Table 


(contd.) 


Spectrum 


‘ 

‘ 

‘ 
‘ 
74 
‘ 
‘ 
‘ 


— 


t-butyl 
methyl 
methyl 
ethyl 
ethyl 
allyl 
n-propyl! 
methyl 
i-propyl 
s-butyl 
t-butyl 
i-propyl 
cyclohexy! 
methyl 
ethyl 
rr thyl 
methyl 
rr thyl 
i-propyl 
methy! 
s-butyl 


methyl 
methyl 
ethyl 
methyl 
methyl 
ethyl 
methyl 
t-butyl 
i-propyl 
i-propyl 
s-butyl 
i-propyl 
methyl 


methyl] 
methyl 
ethyl 
methyl 
thyl 
rr thyl 
s-butyl 
cyclohexyl! 
methyl 
rr thyl 
ethyl 
rr thyl 
methyl 
ne thyl 
methyl 
methyl! 
methyl 


4 


t-butyl 


methyl 
ethyl 
methyl 
allyl 


i-propyl 


buty | 
methyl 
methyl 


methyl 


methyl 
methyl 
t-butyl 
ethyl 

i-propyl 
rr thyl 
methyl 
i-propyl 
ethyl 


methyl 

ethyl 

methyl 

ethyl 

methyl 

methyl 

i-propyl 

methyl 

methy! 

met hy l 

i-propyl! 

methy! 
methyl 
ethyl 
allyl 
i-propyl 
s-butyl 
i-propyl 
cyclohexyl 
s-butyl 


methyl 
ethyl 
ethyl! 
i-propyl 
s-butyl 


methyl 
methyl 
methyl 
methyl 
ethyl 
ethyl 
methy l 
methyl 
i-propyl! 
s-butyl 
i-propyl 
methyl 


2 3 5 6 
9 
50 
51 
52 
53 
54 
55 
56 
58 
59 
60 
61 
62 
63 
64 
65 
66 
68 | 
) 
1960 | | 
SU 
8] 
83 
s4 
85 
SH 
87 
89 
91 
92 
93 
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Table 1 (contd.) 


95 ethy! methyl ethyl 
96 methyl] methyl] t-butyl 
9 methyl i-propyl i-propyl! 
98 methy! ethyl t-butyl 
a9 methyl s-butyl s-butyl 
100 s-butvl methyl! s-butyl 
101 t-butyl methyl t-butyl 
102 i-propyl i-propyl i-propyl 
103 t-butyl ethyl t-butyl 
104 s-butvl s-butyl s-butyl 
105 t-butyl t-butyl t-butyl 
106 methyl methyl methyl! 
107 methyl ethyl methyl 
108 rr thyl rm thyl methyl 
109 methyl methy! methy! 
110 net methyl methyl] methyl 
methyl methyl methyl methy! 


has been used for the substituent grouping with the structure: 


ig. 1. 2-Substituted phe 


Monosubatituted phe nola (Fig. 1) 


(a) All of these spectra show a strong absorption within the narrow region of 


745-750 em™. This is within the range of 735-770 em~™ suggested by Co_tuur [6] 


heading refer to spectrum numbers. 


im. 40, 397 (1950) 
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2. 3-Substituted phenols (spectra 10-12). 
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Fig. 3. 4-Substituted phenols (spectra 13-2 


iF il i 


Fig. 4, 2:3-Substituted phenols (spectra 25-27). 


1300 200 ) 800 
] 
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and BeLiamy [7] as being correlated with vibrations of four adjacent unsubstituted 
aromatic hydrogen atoms. 

(b) A second, weaker absorption usually appears on the low-frequency side of 
the 750cm~' peak but may not always be resolved from that absorption. A 
further absorption of medium to weak intensity appears in all the spectra within 


[7] L. J. Bettamy, The Infra-red Spectra of Complex Molecules. Methuen, London (1958). 
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the range 808-850 cm~' and, in unknown compounds, could be misinterpreted as 
being due to two adjacent unsubstituted aromatic C—H bonds. It is strongest in 
the spectra of methyl-, ethyl- and isopropyl-phenols 

c) Several strong and medium absorptions appear above 1100 cm~' and of 


these it seems that five can be considered as common to all of the spectra Three 
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r. 5. 2:4-Substituted phenols ( 28-48). 


of the absorptions are strong and normally occur in the ranges 1160-1171 em~, 
1242-1256 em and 1319-1321 em~!. The medium-intensity absorptions normally 
occur in the ranges 1144-1149 em~ and 1191-1210 em“. 

(d) In the case of 2-t-butylphenol, three of the absorptions mentioned in (c) are 


1300 


i 

33 

39 


The infra-red spectra of alkyl phenols 


or 


lit, | 


Fig. 6. 2:5-Substituted phenols (spectra 49-60). 


A. 


6C 


displaced to higher frequencies by an amount of the order of 10-20 cm. They are 


indicated in the summary chart by broken lines (Fig. 12). 
3-Monosubstituted phenols (10-12) (Fig. 2) 
(a) There are too few reference compounds available to make any rigid corre- 


lations regarding this substitution but it appears reasonable to associate the 
absorption occurring in the range 773-782 cm with the out-of-plane vibrations of 
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2:6-Substituted phenols (spectra 61-68). 
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Fig. 8. 3:4-Substituted phenols (spectra 69-76). 


the three adjacent unsubstituted ring hydrogen atoms, as this absorption falls 
within the range of 750-810 found by [6]. 

It would be expected, by the same reasoning, that an absorption due to the 
isolated unsubstituted ring hydrogen atom should appear within the range 860- 
900 cm~'. In these three spectra an absorption does appear near to 873 cm~! and 
the suggestion is that this be the absorption due to the vibration in question. Two 
other absorptions appear near to this region, one of medium intensity in the 
range 906-930 cm~' and another, of lower intensity, near to 850 cm-!. It will be 
seen later that absorptions in these two wavenumber regions appear in other 
substitution patterns where there is an isolated unsubstituted ring hydrogen atom 
adjacent to the hydroxyl group. 

(b) The absorption occurring in the range 680-698 cm~ is likely to be due to 
the ring puckering vibration described by RanpLE and WuirreEn [8]. 

(c) A tentative suggested set of three absorptions common to all three com- 
pounds has been included in the summary chart (Fig. 12). They are within the 
regions 1149-1160 em~™, 1180-1188 cm~ and 1269-1285 em~. 


1 


Fig. 9. 3:5-Substituted phenols (spectra 77-81). 


[8] R. R. Ranpue and D. H. Wurrren, Molecular Spectroscopy. Institute of Petroleum, London (1955). 
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4-Monosubstituted phenols (13 24) (Fig. 3) 
a (a) The principal absorption, due to out-of- plane vibrations of the two pairs of 


adjacent unsubstituted ring hydrogen atoms, occurs in the range 819-832 cm-—, 
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Fig. 10. Tri-substituted phenols (spectra 82-103), 


well within the range of 800-860 em~! found by Couruup [6]. An exception to this 
restricted range is 4-benzylphenol, the absorption of which is displaced to 
836 

(b) This low-frequency region contains a number of lesser absorptions one of 
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Fig. 11. Tri-, tetra and penta-substituted phenols (s spectra 104-111). 
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which, in the range 795-811 cm~', appearing to be common to all of these com- 
pounds. Although it is not always completely resolved from the main absorption it 
gives that peak a readily recognizable characteristic shape. 

(c) The spectra of phenols of this group have a very characteristic appearance 
in the 1170 and 1250 regions. A strong absorption always appears 
within the narrow range 1166-1174 em~ and another, slightly weaker absorption 
always occurs in the range 1248-1260cm~'. One or more medium intensity 
absorptions are usually found between these two peaks and not always resolved 
from them. 


Fig. 12. Summary chart, 
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The infra-red spectra of alkyl phenols 


2:3-Disubstituted phenols (25-27) (Fig. 4) 

(a) The few samples available do not permit a detailed survey of common 
absorptions but it would appear that a strong absorption occurs within or near the 
apparently being accompanied by a close absorption on the 


77 


range 764-778 cm 
high-frequency side (resolved in only one of these three spectra). 

(b) The out-of-plane ring puckering vibration is infra-red active in this case 
and gives rise to a strong absorption in the range 703-718 em~—. 

It is possible to distinguish 2:3- from 3-mono-substituted phenols in three 
ways: (i) by the absence of the two absorptions near 850 cm~! and near 873 em 1. 
(ii) by the absence of the absorption near 920 cm~'!, though a medium-intensity 
peak does appear in the range 850-900 cm~'; (iii) by the somewhat higher frequency 
of the ring puckering vibration near 700 em-. 

(c) The absorptions above 1150 em! are somewhat similar to those of the 
3-monosubstituted phenols but in the 2:3-disubstituted phenols there would 
appear to be a greater number of medium intensity absorptions in the 1000-1100 
em~! range. 
2:4-Disubstituted phenols (28-48) (Fig. 5) 

(a) A substantial number of these compounds are available and one or two 
points of interest become apparent. The region just above 800 cm-, where the 
absorption due to the out-of-plane vibrations of the two adjacent unsubstituted 
ring hydrogen atoms is expected, shows two absorptions. The lower frequency 
absorption is the more intense in all the spectra except one (2-allyl-4-methyl- 
phenol). The peaks occur in the ranges 799-812 em! and 810-826cm~—. The 
positions of these absorptions are somewhat sensitive to the masses or sizes of the 
substituents and this is especially true when one of the two substituents is a 
methyl group. In this case, the lower frequency absorption appears in the range 
799-803 cm~! when the methyl group is in the 4-position and, therefore, the more 
massive group in the 2-position (spectra 30, 33, 35, 37, 38, 40 and 44). This 
absorption shifts nearer to 810 em~ in the reverse case (spectra 29, 32, 34, 36, 
39 and 43). The rather special case of 2:4-dimethylphenol behaves as though the 
methyl group in the 2-position were the more massive of the two. 

When neither substituent is a methyl group these absorptions are displaced to 
rather higher frequencies and tend to confuse the above correlation for the 
general case. The absorption due to the vibrations of the isolated unsubstituted 
ring hydrogen atom appears in the range 870-890 cm~!, within the range found by 
COLTHUP [6]. 

(b) Weak, and, occasionally, medium-intensity absorptions also occur in the 
low-frequency region, especially below 800 cm~!. None of these can, however, be 
considered common to all of the phenols of this group. 

(c) There are four medium to strong absorptions above 1050 cm- which are 
obviously common to all of these phenols. They occur within very similar ranges 
to those of the 4-monosubstituted phenols, viz 1076-1116 em, 1160-1187 em~, 
1250-1260 em and 1308-1329cm~'. The second of these occurs at a rather 


higher frequency than its equivalent absorption in the 4-monosubstituted phenols. 
(d) The absorption near 1255 cm~ is displaced by about 10 em~ to a position 
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near 1244 cm~' in those cases where the substituent in the 2-position is a t-butyl 
or cyclohexyl! group (spectra 40, 41, 44, 45, 46 and 48). 

There is also a suggestion that a shift in the opposite direction occurs when one 
of these groups is in the 4-position (spectra 39 and 43). 


2:5-Disubstituted phenols (49-60) (Fig. 6) 


(a) Although the pattern of unsubstituted ring hydrogen atoms is the same as 
in the 2:4-disubstituted phenols, there are substantial spectral differences. These 
differences can be due only to the different positions of these hydrogen atoms 
relative to the hydroxy! groups. This substitution pattern shows a single, strong 
absorption due to the vibrations of the two adjacent unsubstituted ring hydrogen 
atoms, occurring in the range 799-820 em~!. Asin the case of the 3-monosubstituted 
phenols where the isolated unsubstituted ring hydrogen atom is adjacent to the 
hydroxyl group, two medium to weak absorptions occur in the range 830-890 
em~'. One of these is within CoLruur’s range, being in the range 862-872 em, 
whilst the other is found in the 839-852 em~' region. In each case, these two peaks 
are separated by 20 em~' + 2 em~! which is, incidentally, the same separation as is 
found in the 3-monosubstituted phenols and similar to the separation to be 
described in the 3:4-disubstituted phenols. A study of the relative intensities of 
these two absorptions leads to a suggestion for their cause. Two spectra are of 
particular interest in this respect, viz. 2-allyl-5-methylphenol (53) and 2-t-butyl-5- 
methylphenol (58). It is known that the hydrogen atom of the hydroxy! group is 
caused to lie in the plane of the benzene ring by the double-bond characteristics of 
the C—O bond[9]. Two configurations are therefore possible and are illustrated 


in (1) and (11). 


H O 

II 
lf the substituent R is a t-butyl group, steric hindrance effects will tend to cause 
more molecules to have the configuration (1). The relevant spectrum (58) shows 
that the lower-frequency member of the doublet is enhanced in intensity relative 
to the other. On the other hand, a study of the O—H stretching region reveals 
that a weak form of intramolecular bond occurs when an allyl group is substituted 
into the 2-position at R{[10). This hydrogen bond must tend to stabilize more mole- 


cules into form (I1) and this is reflected in the somewhat enhanced relative intensity 


of the higher-frequency member of the doublet in spectrum 53. 

The suggestion is therefore that each configuration will give rise to a single ab- 
sorption due to the out-of-plane vibrations of the isolated ring hydrogen atom. For 
this group of phenols, case (1) absorbs in the range 839-852 em~' and case (IT) in 
the range 862-872 em~! (which is within Co_ruvur’s range). Both forms are. of 
course, normally present together in the pure compounds. 

(b) A further similarity with the 3-monosubstituted phenols is the medium- 


" J. Am. Chem. So« 58, 94 (1036). 
cuswet., W. H. Ropesusn and R. McL. Wurrxey, J. Am. Chem. Soc. 89, 770 (1947). 
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The infra-red spectra of alkyl phenols 


intensity absorption just above 900cm~!. In this case it is found in the range 
914-953 

(c) The pattern of four absorptions described in (a) and (b) is repeated in the 
1050-1230 cm~! region. Absorptions occur in the ranges 1083-1117 em~!, 1144- 
1150 1166-1178 em~! and 1200-1228 A further absorption occurs in 
the 1265-1296 em~! region. Several other lesser absorptions also occur. 

(d) When a t-butyl group is substituted into the 2-position the first four 
absorptions mentioned in (c) all shift to lower frequencies to appear at 1078 em, 
1134 cm~!, 1155 and 1187 em~', respectively. 


2:6-Disubstituted phenols (61-68) (Fig. 7) 

(a) An unusual feature is found in the spectra of 2:6-disubstituted phenols in 
that either one or two fairly intense absorptions are present in the 750 cm~ region. 
Ignoring, for the moment, the case of 2:6-dimethylphenol, it is seen that all of the 
phenols of this group have a strong absorption in the narrow range 740-748 em. 
This is outside CoLttuup’s range for absorptions correlated with the vibrations of 
three adjacent unsubstituted ring hydrogen atoms, but it must be associated with 
these vibrations. 

In addition to this absorption a second, equally intense, peak occurs in the 
range 768-774 cm~ in those phenols of this group which have the same substituent 
group in both the 2- and the 6-positions. It is not certain how far this correlation 
may be taken, since the only cases of non-identical substituents examined in this 
work have a methyl group as one of them. The special case of 2:6-dimethylphenol 
gives rise to a single intense absorption at 759 cm~'—between the positions of the 
two absorptions just described. 

(b) Other, weaker, absorptions appear in this region and one of them, in the 
range 813-833 cm~!, seems to occur in all of the spectra. 

(c) Four absorptions, common to these spectra, appear above 1100 em~!. One 
of them, in the 1186-1201 em~ range, is very strong and highly characteristic. 
The others occur in the ranges 1152-1170 em~, 1249-1265 em and 1305 
3:4-Disubstituted phenols (69-76) (Fig. 8) 

(a) Because of the disposition of the substituents round the ring, some similarity 
might be expected between these spectra and those of the 2:5-disubstituted 
phenols. Although absorptions occur in the same basic regions, quite characteristic 
differences of detail occur which make the 3:4-disubstituted phenols readily 
recognizable. Four absorptions occur in the 780-870 cm~ region and these appear 
to be associated in two pairs. The pair of lower frequency, occurring in the ranges 
784-803 and 808-819 and separated by 13-l6em~', are probably 
associated with the out-of-plane vibrations of the two adjacent unsubstituted ring 
hydrogen atoms. The other pair of absorptions, as has already been discussed, are 


robably due to vibrations of the isolated unsubstituted ring hvdrogen atom 


adjacent to the hydroxy! group and occur in the ranges 840-855 cm~ and 860-871 
em~'. They are separated by 15-20 cm~ (cf. 2:5-disubstituted phenols). 
The separation of the two pairs of absorptions just described seems to be 
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dependent upon the relative masses of the two substituents. It must be mentioned 
here, however, that the only samples available all have a methyl group as one of the 


two substituents. 

If the separation of the middle two absorptions be considered it has been found 
that when this is 24-28 em~' the methyl group is in the 3-position. For a 32 cm 
separation both the substituents are methyl groups, and for a separation of 40-44 


em~' the methyl! group is found in the 4-position. 
(b) As in the previous phenols with an isolated unsubstituted ring hydrogen 
atom adjacent to the hydroxy! group, a peak appears in the region 917-960 cm~, 
(c) Four absorptions common to this group of phenols appear in the region 
above 1100em~'. They occur in the ranges 1148-1156em~', 1179-1191 


1256-1265 and 1284-1290 


3:5-Disubstituted phe nols (77-81) (Fig. 9) 


(a) There are not many compounds available within this group and so only 
tentative suggestions can be made as to the behaviour of the aromatic C—H 
absorptions. 

In the light of the correlations so far described, it might be expected that a 
multiplicity of absorptions would result from the two isolated unsubstituted ring 
hydrogen atoms adjacent to the hydroxyl group. The multiplicity of absorptions 
actually observed might be interpreted in a number of ways. It is certain, however, 
that, once again, the dimethy!phenol is a special case showing a single absorption at 
827 em. All of the other phenols in this group have two common absorptions, 


one in the range 840-846 cm™~' and the other in the range 855-861 ecm 
separated by 15-17 em~'. A further absorption in the range 828-831 cm~' appears 
in all except 3:5-diethylphenol and it may be that equality of substituents causes a 
suppression of this absorption 

b) The ring puckering vibration is infra-red active in this group of phenols 
and gives rise to the absorption in the region 681-700 em~'. When this absorption 


is studied in conjunction with the 3-monosubstituted phenols and the 2:3-disub- 


stituted phenols there appears to be a tendency for a shift to higher frequency 
(within any one substitution group) with increasing mass of substituents. The 
absorption in the range 931-964 e«m~' may, once again, be associated with the 
isolated unsubstituted ring hydrogen atoms adjacent to the hydroxyl group. On 
the limited evidence available this absorption appears to be above 955 cm~' for the 
phenols in which the two substituents are unequal and is within the range 930-945 
em™! for the two phenols in which the substituents are identical. 

(c) Four absorptions common to this group appear in the ranges 1142-1155 
em~!, 1178-1186 em~!, 1284-1300 em~' and 1316-1348 em~' and are of moderate 
intensity the first one being the most intense. A further absorption in the range 
1158-1164 cm! also seems to be common to the group but is not always resolved 
from the neighbouring absorption 


The trisubstituted phe nols (Figs. 10 and 11) 


Although all of the six possible substituent configurations for the trisubstituted 
phenols are represented in the collection, only one or two samples of certain 
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The infra-red spectra of alkyl phenols 


configurations are available. A reasonable number of 2:4:5- and 2:4:6-tri-sub- 
stituted phenols have been examined and these have been included in the summary 
chart (Fig. 12). 


2:3:4-T risubstituted phe nols (82) 


Only the spectrum of 2:3:4-trimethylphenol is available. The absorptions due 
to vibrations of the two adjacent unsubstituted ring hydrogen atoms are very 
similar in appearance and position to those found in the 2:4-disubstituted phenols. 
Since, however. there is no absorption near to 870 cm~! this group is distinguishable 
from the 2:4-disubstituted phenols. Similarly the absorptions in the 1200 em=! 


region cannot be confused with the 2:4-disubstituted phenols. 


2:3:5-Trisubstituted phenols (83-84) 

The two spectra available in this group both absorb near to, 828 em", pre- 
sumably due to vibrations of the isolated unsubstituted ring hydrogen atoms. 
As one of these is adjacent to the hydroxy! group the absorption is a doublet and, 
at the same time, an additional absorption appears in the 950 cm-! region. The 
absence of a strong absorption near to 690 em~' and the differences above 1050 em 
prevents confusion of this group with certain of the 3:5-disubstituted phenols. 


2:3:6-T risubstituted phe nols (85) 


The absorption due to vibrations of the two adjacent ring hydrogen atoms 
appears in a region similar to that found for 2:5-disubstituted phenols. The 
multiple absorptions due to the isolated unsubstituted hydrogen atom adjacent to 
the hydroxyl group found in that group of phenols are, of course, absent in this case. 


2:4:5-T risubstituted phenols (86-93) 

The vibrations of the isolated unsubstituted ring hydrogen atoms, one adjacent 
to the hydroxyl group, give rise to a multiple absorption. The normal one of these 
occurs in the range 874-895 cm~' and it is thought that the modified absorption is 
in the range 838-856 em~! although there is the possibility that this vibration 
gives rise to the weaker absorption near the range 860-870 cm~!. In favour of the 
first suggestion for the modifed absorption is the slightly enhanced intensity of the 
peak at 838 cm~! in the case of 2-t-butyl-4-ethyl-5-methylphenol in which steric 
hindrance effects should make a configuration similar to that of I (p. 1306) more likely. 

The separation of 24-33 cm"! of the suggested absorptions is rather more 
variable than in the previously discussed cases. 

Only weak absorptions near to 950 cm~' have been observed in this group of 


phenols and the absorptions above 1050 em~! appear to be highly complex with 


no obvious common pattern. Between 1125 and 1240 cm~! there is a suggestion of 
three or four absorptions common to all except 2-t-butyl-4-ethyl-5-methylphenol 
where a shift due to the o-t-butyl group might be expected. Between 1250 and 
1320 cm~! there are two or more absorptions throughout. 


2:4:6-Trisubstituted phenols (94-105) 
The vibrations of the pair of isolated unsubstituted ring hydrogen atoms 
remote from the hydroxyl group give rise to a single absorption in the range 852-878 
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em”'. There appears to be an additional absorption in the range 745-770 em™ 
which seems rather high to be correlated with the ring puckering vibration which 
might be expected in this case. 

In the profusion of medium and weak absorptions which occur above 1100 cm~ 
there are two relatively intense ones which may be considered characteristic. They 
normally occur in the ranges 1145-1152 em~! and 1188-1197 em~! but are displaced 
to 1132 em~' and 1170 em~', respectively, when a t-butyl group is the substituent in 
either the 2- or the 6-position (spectra 96 and 98) and to 1121 and 1157 em~, 
respectively, when t-butyl groups occupy both the 2- and the 6-positions (spectra 
101, 103 and 105). 


3:4:5-Trisubstituted phenols (106-107) 

A pair of absorptions due to the vibrations of the two isolated unsubstituted 
ring hydrogen atoms adjacent to the hydroxyl group occur near 832 em~' and 
855cem~!. The two spectra available are very similar to each other and contain a 
few intense absorptions which may well be characteristic. 


Tetra- and penta-substituted phenols (108-111) (Fig. 11) 

One spectrum each of the three possible tetramethylphenols and the spectrum 
of pentamethylphenol are included in the collection for comparison purposes. As 
might be expected the absorptions in the 700-900 em~! region are weak and some 
are similar in position to those in spectra already described. 

The positions of the intense absorptions above 1050 cem~'! should, however, 
prevent confusion in the identification of unknown compounds. 


Absorptions characteristic of the substituents 
Me thyl group 
The symmetrical carbon-hydrogen bending vibrations of the C-—CH, group 
gives rise to the usual absorption in the range 1370-1380 cem~!. An absorption is, 
of course, also found in this region for the substituent groups ethyl, n-propyl and 
s-butvl. 


Isopropyl group 
Two absorptions of almost equal intensity appear in the same region with a 
separation of 20 cm~! 2cm~!; the lower-frequency absorption occurs at 1359 


» 


em 2cm~! and the higher-frequency component at 1380 em~! + 2 em-'. 


t- Butyl group 


Again two absorptions are apparent but with the lower-frequency one having 
the greater intensity. This absorption occurs at 1358 cm! + 2cm™! and the 
separation of the two peaks at 33 em~! + 2 em. 


d llyl group 


The out-of-plane vibrations of the =—-CH, and the —-CH— groups give rise to 


two strong absorptions, one in the range 910-920 cm~! and the other in the range 
G00-998 
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Benzyl and amyl groups 


The monosubstituted benzene ring gives rise to the two absorptions near 692 
cm”! and near 724 cm~! in the two cases of benzyl phenols (spectra 9 and 22) but 
the higher-frequency absorption is displaced to 760 cm in the case of 4-cumy]l- 
phenol (spectrum 24). 


Summary 
It is thought that the use of the characteristic absorption summary chart, 
taken in conjunction with the spectra and discussion, will enable an almost com- 
plete, if not complete, identification of an unknown alkyl phenol. It is intended 
to continue this work, entailing a study of the C—H and O—H stretching regions 
under grating resolution, with a view to more complete identification of sub- 
stituent groupings. 
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Abstract strong absorption the limits I 333 ecm”! appears to be characteristic of 


the SO we phone lissolved in on tetrachlorick Thi bsorption is accompanied 


land 1204 scm unless the s 


The SO, group ts irther characterized by 
obtained using solutions of 
whicl mesoluble im carbon etrachloride 
shifts to lows r wies, the spectra support 
frequently characteristic 


twenty-seven sulphones. 


Introduction 

Tue infra-red absorptions of sulphones were first studied by Scurerper {1} who 
examined twelve compounds of the type R SO, R’ containing groups R and R’ 
such as alky!, alkenyl, aryl and substituted aryl. Solutions of the compounds in 
earbon tetrachloride. chloroform or acetonitrile were used. Kach sulphone 
absorbed strongly within the limits 1128-1155 em~' and 1313-1345 em~', and the 
two maxima. which were absent from the spectra of the sulphides, were clearly 
distinguished from neighbouring absorptions which were weaker, except in the 
case of dibenzyl sulphone which absorbed more strongly at 1120 em! than at 
1155 

Four other compounds—/-(phenylsulphonyljethylacetate and three con- 
taining more than one SO, group in the molecule were also studied, and the 
overall results showed that each of the sixteen compounds absorbed strongly in 
the regions 1128-1159 and 1313-1352 em~!. believed to be characteristic 
of the SO, group 

BARNARD ef al. [2] then showed that four sulphones, in carbon tetrachloride 
solution. gave two strong absorptions one at 1130-1164 em~'! and one at 1312-1326 
em~', agreeing well with Scuretper’s data. The corresponding sulphoxides did 
not absorb within these limits. More recently, Amstutz ef al. [3] quoted an 
absorption at 1130-1154 c¢m~! as characteristic of six sulphones (examined as 
solutions or mulls) but did not mention the other absorption at a higher frequency. 
Waicut | 4] has reported one strong absorption in each of the limits 1134-1167 em~! 
and 1305-1341 em~! for carbon tetrachloride solutions of six sulphones, Frecp [5] 
has found that a Nujol mull of p-pheny lethvisulphone absorbs strongly at 1LIL39% 


1) KR. ¢ ‘ val hem. 21, 1168 (1949 

2} D. BARNARD, . ind H. P. Kocn. J. Chem. Soc. 2442 (1949 

3} k. D. A } NSBERGER and J, J. Cugessick, J. Am. Chem. Soc. 73, 1220 (1951) 
4) S. Wareut.. oc, 2440 (1952 

FIELD, . oc, 74, 3919 (1952) 
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and 1305 em~!, and Price and Giiuis [6] and Price and Morrra |7| have examined 
oil films of methylpropylsulphone, allylmethylsulphone, methylvinylsulphone, 
and phenylvinylsulphone. In these cases, the 
strongest absorptions were those characteristic of the SO, group, and lay, 


respectively, at 1124 and 1299-1316 em-!, 1136 and 1299 em-. 1136 and 1316 
' 1155 and 1328 em~'!, and 1153 and 1324em-!. The corresponding sulphides 
and sulphoxides were also studied, and these absorptions were found to be absent or 
very much weaker than for the sulphone. 


cm 


Making no allowance for the different states in which sulphones have been 
examined in the above work, it seems clear that the SO, group in sulphones 
gives rise to strong absorptions at 1124-1164 and 1299-1353 


Experimental 
During routine work, the infra-red spectra of carbon tetrachloride solutions of 
two sulphones derived from fluorene and represented by (1), where R p-tolyl, 
and R’ methyl and isopropyl, were recorded using a Unicam S.P. 100 double- 


beam infra-red spectrophotometer equipped with rock salt optics 


The regions 1280-1470 em~! and 1100-1200 em~ are free from any strong 
absorptions from carbon tetrachloride, and compensated liquid cells were not 
required to detect the characteristic SO, bands. A cell of thickness of 0-5 mm 


was used, and contained an approximately 1°, solution of the sulphone. The 


absorptions for the two sulphones are given in Table 1. 


Table 1 


The single, symmetrical, and very strong absorption at 1154 cm~'! and the strong 
absorption at 1320em~'! given by both compounds agree well with the ex pec ted 
absorption for the SO, group. However, the occurrence of three absorption 
maxima in the region from about 1290 to 1320 em appeared to be a new feature, 
not evident from the spectroscopic data published by earlier workers. The absorp- 
tion bands obtained by Scnrerper [1] at these frequencies were, however, very 
broad, and it seemed possible that, under higher resolution, a triple absorption was 
being detected. Certainly, the correspondence between the frequencies of the 
three absorptions for the two compounds was excellent, and, as the spectrum for 
9-(9-isopropylfluorenyl-p-tolylsulphone illustrates, the three absorptions, the 


Price and R. G. Grits. J. Am. Chem. Soe 75, 4750 (1953), 
(. Price and H Morira, J. Am. Chem Soc, 75, 4747 (1953) 
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1200 


Fig. 1. Infra-red spectrum of 9-(9-isopropylfiuoreny])-p-tolylsulphone 
from 1100-1400 cm-?. S = solvent (carbon tetrachloride). 


Table 


Frequency 
Compound (em™?) 

methyl hydrogen 1123(vs) 1183s) 1298(m) 1314(8) 1325(vs) 
methyl m 1296(s) 1308 1315(vs) 
methyl! 1121(s) 1287(s) 1314t(vs) 1 
methyl 1128*(m) 007 (Cm) 1 
12Z08(w) 1: 
1180(m) 1302(m) 1330( vs) 

1162(w) 117&(s) 1220(m) 1 

1150(vs) 1206(s) 1 

1183(s) 13000w) 

1160s) 1200(w) 316(m) 

1150(m) l 

1206(m) 307(m) l 

1205(w) 306¢m) 

1288(m) 306(m) 
1207(w) 308(w) 13: 

1293(w) 306(m) l 

1290(m) s07(m) 

1300(m) $128) l 
lylsu 1297(w) 30R(w) 
-Tolylsulphony|piperidide 1100( vs) 1175(vs) 1282(s) 
Thionaphthene dioxide 120008) 
Dibenzothionaphthene dioxide 


1177(m) 


* Low solubility in carbon tetrachloride 


* Shoulder on the side of a neighbouring strong absorption maximum 
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strongest at 1320cm~', a moderately strong absorption at 1306 em~!, and a 
stronger absorption at 1288 cm~!, were well defined. 

A range of sulphones was therefore examined to establish whether this triple 
absorption is characteristic of the >SO, grouping. The spectra of the compounds 
listed in Table 2 were obtained from carbon tetrachloride solutions, though, in 
some cases, the solubilities of the sulphones in this solvent were quite low, and 
solutions of <1 per cent concentration had to be employed. The compounds in the 
first part of Table 2 are derived from fluorene, and are distinguished by reference to 
structure (I) and the appropriate groups R and R’. To simplify the data, only 
those absorptions which could be classed as strong or very strong are recorded in 
the range 1100-1200 em~", except in cases in which the solubility of the compound 
was very low. All absorptions in the range 1283-1333 em~ are recorded in an 
attempt to assess the significance of the triple absorption in this frequency range. 


Discussion 

From Table 2, it is seen that eighteen of the twenty-three compounds give a 
single absorption, usually very strong, in the region 1147-1166cem~'. The five 
sulphones which do not absorb here do, however, absorb at about 1180 em-'. 
Considering the range 1147-1183 em~!, each of the compounds in Table 2 gives an 
absorption which may range from moderate to very strong, and three of the 
sulphones, p-tolylsulphonylpiperidide, (1), R = phenyl, R’ = methyl, and (1), 
R = benzyl, R’ = hydrogen, give two absorptions at 1160 and 1175 em~', 1160 
and 1183 cm~!, and 1162 and 1178 em~', respectively. Nine of the sulphones give 
an additional strong or very strong absorption in the range 1100-1130 em~!. In one 
case, dibenzylsulphone, this absorption at 1125 em~! is considerably more intense 
than the one at 1155 cm~', and this point was also noted by Scurerper {1}. It 
would appear that one and possibly two absorptions at 1147-1183 cm~' are 
characteristic of the >SO, group. If the absorption in the region 1112-1130 em7! 
is also associated with this group, then thirteen of the sulphones give a single 
absorption, eight give two absorptions, and two give three absorptions in the 


overall range 1112-1183 cm~!. These frequency limits are broader than any 
previously quoted, e.g. 1124-1164 em~!, but a rather wider range of compounds 
has now been studied. 


Fourteen of the twenty-three sulphones give three absorptions in the region 
1287-1333 em~', and the frequency limits for each may be given as 1287-1302 em~!, 
1306-1316 em~! and 1318-1333 cm~'. These limits correspond to the overall 
range of 1299-1345 cm~! quoted by previous workers for the >SO, group. The 
absorption of highest frequency is invariably the most intense, and the other two 
range from weak to very strong, the absorption at 1306-1316 cm~! being sometimes 
weaker and sometimes stronger than that at 1287-1302 cm~!. However, it would 
appear that this triple absorption is a reasonably characteristic feature of the 
infra-red spectra of sulphones, particularly as the frequencies of the three maxima 
fall within such narrow limits. 

Of the nine sulphones which did not give this triple absorption, one was the 
compound (1), R = p-tolyl, R’ = hydrogen, which was rather insoluble in carbon 
tetrachloride. Using a Nujol mull of this compound, absorptions at 1295, 1307 
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and 1313 em~! were obtained, and the behaviour of the compound now conforms to 


the general pattern, although the frequencies of the absorptions obtained from the 


mull will be lower than would have been obtained had a sufficiently strong solution 
been available. By examining a number of sulphones as solutions and as mulls, 
it has been found that the decreases in the frequencies of the three absorptions on 
passing from a solution in carbon tetrachloride to a mull are very variable, 2-25 
em~!, 3-15 and 8-19 em"! for the three absorptions in order of increasing 
frequency 

With six of the sulphones, the middle absorption of the triplet appeared to be 
absent, and, with dibenzyl sulphone, absorptions were shown at 1308 and 1333em 
but none in the range 1287-1302 em~!. The occurrence of a double rather than a 
triple absorption cannot be attributed to a low solubility of these compounds in 
carbon tetrachloride 

The two sulphones, thionaphthene dioxide and dibenzothionaphthene dioxide, 
which gave only one absorption in the range 1287-1333 cm~'!, were also examined as 
Nujol mulls, although the first of these compounds was quite soluble in carbon 
tetrachloride. In neither case was a triple absorption found in the spectrum of the 
mull, but it is interesting to note that the single absorption given by a solution of 
thionaphthene dioxide at 1322 em~' was replaced by two absorptions at 1275 and 
1288 em”! in the mull, and the single absorption of dibenzothionaphthene dioxide 
at 1323em~' likewise by two absorptions at 1275 and 1293. ecm~! in the mull. 
Whatever the explanation of this, it is noteworthy that these two compounds, in 
which the sulphur is part of a fused five-membered ring, constitute the exception to 
the proposal that a double or, more generally a triple absorption in the range 
1287-1333 cm~! is characteristic of a sulphone. 

Finally it is noted that all twenty three compounds give an absorption at 

318-1333 em~!. and it appears that this absorption is of greater diagnostic value 
than the more variable absorption at about 1160 cm~'. A strong absorption at 
1326 scm”! accompanied by one or, more usually, two weaker absorptions at 

Sem! and 1294 7 cm~'—unless the suphur atom is part of a fused 
five-membered ring—is characteristic of the presence of the —SO, group which can 
be confirmed by the occurrence of at least one strong absor ption at L165 isSem~'. 

Four sulphones which were too insoluble in carbon tetrachloride were examined 
as Nujol mulls. The main absorptions are given in Table 3, where the two highest 
frequencies are associated with the C—N¢ ), group 

The strong absorption at about 1150cm~'! is again observed, although the 
frequency may be up to 7 em~' lower than for the solution state. Each of the com- 
pounds absorbs within the limits 1295 5Sem~', 1304 2 'and 1314 
corresponding well with the limits quoted earlier for the fourteen compounds in 
Table 2, when allowance is made for the known frequency shifts which accompany a 
change of state from solution to mull. 

Neither 1°,, carbon tetrachloride solutions nor mulls of the following sulphides 
benzy!-9-fluorenylsulphide, dibenzylsulphide, 9-(9-methylfluorenyl)phenylsulphide, 
#-fluorenyl-p-tolylsulphide and 9-fluorenylphenylsulphide—absorb in the ranges 
1100-1183 em™' and 1287-1333 em~'! characteristic of the SO, group This is 


also true for benzy!-9-fluorenylsulphoxide which absorbs strongly, as a KBr disk, 
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Table 3 


Compound Freque ney 


1150(s 1174(m) 1295(m) 1302(m) 1317(s 


1L300(s 1302(s) 


at 1040 cm~'. A weaker absorption at 1070 cm~ is also given, comparing with 
at 1077 em~'! for a solution of the corresponding sulphide. 

Finally, we can compare the frequencies of the strongest absorptions for 
diphenyl! and dibenzyl sulphones obtained in this work with those reported by 
other workers. 

lable 4 


Materials 
The fluorene sulphones have already been described [8, 9], and the following 
sulphones were prepared by oxidizing the pure monosulphides with 5°, hydrogen 
peroxide in acetic acid [10]; diphenylsulphone, dibenzylsulphone, thionaphthene 
dioxide, dibenzothionaphthene dioxide. 


Benzyl p-tolvlsulphone. p-nitrobenzvl-p-tolvlsulphone and 2:4-dinitrobenzyl- 


p-tolylsulphone were prepared by reacting sodium p-toluenesulphinate with the 


appropriate halide [11]. p-Tolylsulphony!piperidide was prepared from p-toluene- 
sulphonylehloride and piperidine. 
All compounds gave melting points which agreed with literature values [11, 12 


P. M. G. Bayes, Can. J. Chem. 38, 917 (1960 

P. M. G. Bavin In preparation 

M. Gazpar and 8, Surtees, J. Chem. Soc. 93, 1834 (1908 

R. L. and 8S. O. Greencer, J. Org. Chem, 4, 242 (1939 
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The absorption spectrum of chromium in the spinel structure 


hk. A. Forp* and O. F. 


Mullard Research Laboratories, Salford, Surrey 
(Received 15 July 1960) 


Abstract The absorption spectrum of trivalent chromium in magnesium spinel has been 
studied at room and low temperature in the region 14,000 to 35,000 cm~'. Assignments are given 
for the observed transitions which are compared with their counterparts in the ruby spectrum. 

Analysis of the splitting of the 'T,,( F) « ‘A. transition under the trigonal component of 
the crystal field gives a value of 1060 em! for A, the trigonal field parameter. The overall 
ervstal field splitting A. is 18,520 em! 


1. Introduction 


LECENTLY STAHL-Brapba and Low [1] have reported the paramagnetic resonance 
spectrum of trivalent chromium in a natural crystal of MgAl,O,. This indicated 
that the Cr** ions were situated at the octahedral or B-sites which were trigonally 
distorted by elongation along the (1, 1, 1) directions of the unit cell. A point of 
particular interest was the size of the ground-state zero-field splitting 2D 0-990 

0-005 em~', which is roughly three times the value in ruby. 

Clearly the trigonal field is quite large in spinel but the reason for this is 
uncertain. Since the ground state is an orbital singlet, 4A,, we should expect no 
distortion due to the Jahn-Teller effect [2]. Accordingly we have studied the 
optical spectrum of Cr®* in MgAl,O, in the hope of obtaining independent data on 
the size of this trigonal field 

Some previous work on the spectrum of Cr* in MgAl,O, has been reported. 
The emission spectrum was first observed by Lecog pe BoisBaupRON in 1887 and 
subsequently studied in more detail by DeutscupBern [3] who found a splitting of 
jem! for the doublet. More recently Nevnaus and Ricuwartrz [4] have 
reported the positions of the broad absorption bands in the spectrum at 18,350 and 
l 


25,640 cm~' in natural spinel and 18,050 and 25,310 em~! in a synthetic crystal. 


2. Experimental 


Boules of synthetic MgAl,O, containing approximately 0-2°, Cr3> have been 
grown by the Verneuil process, growth occurring essentially along a (1, 0, 0) 
direction of the unit cell Specimens for spectroscopic use (S s 4mm) were 
cut normal to the growth direction. A check on the singleness and orientation of 


the crystals was carried out by X-ray methods. 


Present address: Courtaulds Limited, Central Technical Office, Foleshill Road, Coventry. 
\HL-Brapa and W. Low, Phys. Rev. 116, 561 (1959) 
J. D. Douxrrz and L. E. Oreer, J. Phys. Chem. Solids 3, 20 (1957) 
0. Devrscupein, Ann. Physik, 14, 712, 729 (1932 
\. Nevsavs and W. Ricnartrz, Angew. Chem. 70, 430 (1958) 
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The absorption spectrum of chromium in the spinel structure 


Absorption spectra at room and low temperature (100°K) were recorded on a 
Perkin-Elmer spectracord 4000 A using a low-temperature cell previously de- 
scribed [5]. Compensating polaroids in the specimen and reference beams were 
used to record the polarized spectra, but no signs of polarization of the broad 
bands were observed. Neither did the bands show any appreciable temperature 


shifts. 


Absorbance 


Fig. 1. Absorption spectrum of Cr** in MgAl,O, at 100°K. (Position of peaks 
given in wavenumbers, cm~'.) 


Evidence of three transitions with the hint of a fourth has been found in the 
region 14,000 to 35,000cm~!. An onset of general absorption begins around 
37,000 cm~' which requires further study. Details of the spectrum, which is 
illustrated in Fig. 1, are given in Table 1. 


Table 1. Electronic transitions of Cr** 


in MgAl,O, 


Energy 


tuby bands [6] 
Assignments (O,) 
(cm *) 


Bands 1 


14,620 *T,, + *Ag, 14,430 
2 18,520 + *A,, 18,100 
3 21,7007? 21.000 
24.050 
4 (24,05 F) «4A 25,000 


125,640 


No calculation of extinction coefficients has been made in the absence of 
accurate analytical data on the Cr** concentration. Band 4 shows a distinct 
asymmetry which may be analysed in terms of a strong band centred at 25,640 
cm™! with a weaker one at 24,050 cem~'. No asymmetry was detected in band 2. 


. L. Hentiey and R. A. Forp, Spectrochim. Acta 15, 1125 (1959). 
8S. Sucano and Y. Tanase, Discussions Faraday Soc. 26, 43 (1958). 
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3. Discussion 
lhe striking similarity between the spectra of Cr*> in MgAl,O, and «-Al,O, is a 
The lowest-energy quartet quartet transition 


vreat help in assigning the spectrum 
‘T,, «- *A,, can immediately be assigned to band 2, so giving a direct value for the 


crystal field strength, A 18.520em~'. As with ruby we have not observed 
separate bands associated with the transitions to the 2E. and 7’, states which are 
roughly degenerate in an octahedral field. Accordingly the most reasonable 
assignment for the R, R, doublet system seems to be to the split components of 
«4A, The assignment of the transition to the 21,000 
region must be considered highly speculative until better results are available. 
rhe effect of the trigonal distortion at the B-site in Mg \1,O0, which reduces the 
ve site svmmetryv of Cr* from O, —>¢ is to lift the degeneracies of the 
», and states. Hence, vields and 4A, and ‘T,,(F), and 
Under ¢ insitions from the ground state will be allowed to both the split 
(F) and also to the component of ‘7’. those to the 


polarized perpendicular to the C, axis and that to 4A, parallel to this 


and TANABE [7] have considered the splitting of the ‘'T,, and (F) 


a trigonal field in terms of “strong field” theory. We may note that the 


he | Op 


configuration interaction in these calculations. The positions of the split 


erator, | transtorms under 0, as 7’... but no account has been 


to the unperturbed states are then given by 


2) 


Hence for both states the observed splitting should 

of ruby the observed splittings of both the 'T,, and *7,,(F) 
insitions which were obtained from the polarized spectra are around 
leads to a value of A 350em~-!. With spinel however, no 

of the abs rption spectrum has been observed because the trigonal 
is associated with the Cr*> sites in the lattice are oriented along all four 

be diagonals of the unit cell. The unit cell is therefore expanded but 

retains its cubic structure and isotropic behaviour. The observed asymmetry of 
band 4 in this case must be due toa trigonal field component of sufficient size for the 
resultant splitting to be observable even in the absence of anisotropy. Analysis of 
the band envelope in terms of two constituent bands vields a strong band at 
25,640 cm~! with a weaker one at 24,050em~'. Taking this splitting as 2K we 
obtain a value of 1060 em~! for the trigonal field parameter. It remains to define 
the sign of A, which depends on whether the Cr*> site is distorted by elongation or 
compression along the (111) direction. On analogy with the ruby spectrum which 


5S. Sueano and Y. Tanane, J. Phys. Soc. Japan 13, 880 (1958). 
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The absorption spectrum of chromium in thé pinel structure 


shows a corresponding intensity distribution in this region we may assign the 


weak component as 'E « ‘A, with the stronger band at 25.640 em— as 44 ~ o~ 84 
In this case the sign of K is negative. which is in agreement with the sign derived by 


STAHL-BrRAapbA and Low from the paramagnetic data. It should be pointed out. 


however, that we have observed no corresponding asymmetry in the #7, « ‘A, 
although a similar splitting should occur. The reasons for this are probably 
twofold: (1) the lower dispersion of our spectrometer in the J8.000 em region: 
(2) the transition to the ‘4, component of ‘7, is forbidden under (',, 80 its con- 
tribution to the overall band envelope will be small. 

The presence of a large trigonal field at the Cr®* site in Me 1,0, is therefore 
confirmed by the analysis of the electronic spectrum, the value of K in spinel being 
roughly three times that in ruby with the distortion acting in the same sense. i.e 
elongation along a (’; trigonal axis of the octahedron. The large trigonal field is 
not, however, in agreement with the small splitting of the RR, doublet observed 
by DeutscnBern [3]. SuGano and Taxnape [7] have shown that 7. the splitting of 
the *#, states under the combined operation of the trigonal field and spin-orbit 
coupling, should be 

1A 
27, 
where ¢ is spin-orbit coupling parameter for /,, electrons. Introducing the observed 
values for A and the electronic-state energies, and taking ¢ 140 em~! which has 
been derived by SuGano and Tanase from the ruby spectrum, we should expect a 
splitting of about 80 cm~ instead of the observed value of 6 em— 3]. This is a 
serious disagreement which requires further study. Possible inaccuracy in the 


energy of the *7',, state and ¢ may be contributing, but even so this correction will 


be small Certainly it would seem most unlikely that the splitting should be less 
than the 29 em~! observed in ruby. 
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Infra-red identification of the N-methyl group in substituted 
amino acid hydrochlorides 
C. C. Watson 
Dominion Laboratory, DSIR, Wellington, New Zealand* 
(Received 9 July 1960) 
Abstract——An assignment is made near 1485 em™! for the N-methyl group deformation vibration 


in substituted amino acid hydrochloride salts. Absorption bands in some «-, 8- and y-amino 
acids and their derivatives between 1500 cm! and 1400 cm are discussed. 


A stupy is being made in this Laboratory of the constituents of the free amino 
acid fraction of rye grass (Lolium perenne L.), isolated by aqueous alcoholic 
extraction. Betaine has been identified in the mixture and it is possible that other 
N-methylated amino acids are also present. Because few such compounds are 


available either naturally or commercially, their characteristic infra-red absorption 
bands have not been established. 

In this paper assignments are given for the infra-red bands in the 1500-1400 
em~! region of the mono-, di- dr tri-methyl amino acid hydrochlorides, which 
should aid in the identification of the N-methyl group of these compounds. 

A band in the spectra of amines close to 2800 cm~! has been assigned to the 
(—-H stretching frequency of the N-methyl group [1-3]. This band is absent from 
the spectra of amines when the nitrogen atom carries a positive charge [1]. Amine 
hydrochloride salts have been examined by Heacock and Marton [4] and charac- 
teristic frequencies assigned to NH,*, NH,* and NH* ions. BELLANATO and 
BarceLo’ MatuTano [5] gave 1470 + 3 cm~' as the deformation frequency of the 
methyl group attached to nitrogen in the hydrochlorides of methylamine, di- 
methylamine and trimethylamine. This frequency agrees closely with the values 
found for these compounds in this work and is close to the proposed assignment for 
the N-methyl group in N-methylated amino acids. 


Experimental 
The spectra were obtained with a Perkin-Elmer model 21 double-beam instru- 
ment fitted with sodium chloride optics. As the use of the potassium bromide 
disk method has been found to lead to the displacement of the absorption bands in 
the spectra of amine hydrochloride salts [5] and N-methyl amino acids hydro- 
chloride salts [6], the spectra given in the table were recorded using mulls in 
paraffin or ““Fluorolube” (polyfluorohydrocarbon, General Electric Co.). Values 


* Present address: New Zealand Brewerie Ltd., P.O. Box 211, Wellington, New Zealand 
J.T. Braunnowrz, E. A. V. Essworrn, F. G. Mann and N. Sueprarp, J. Chem. Soc. 2780 (1958). 
R. D. Hut and G. D. Meaxrns, J. Chem. Soc. 760 (1958). 
SHreco OseKxo. J. Pharm. Sov Japan 77, 120 (1957 
R. A. Heacock and L. Marion, Can. J. Chem 34, 1782 (1956). - 


J. Becranato and J. R. Barceco’ Matutrano, Anales real. soc. expan. fis. y quim. (Madrid) 52B, 
400 (1956 


{ Ww ATSON, hem. & In / (London) (1960), 
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Infra-red identification of the N-methy|! group in substituted amino acid hydrochlorides 


Table 1. Absorption spectra of some amino acids and their derivatives 
between 1500 and 1400 em=! 


Assignments 


(cm 1) 


Substance State . 
1500-1470 | 1470-1440 | 1440-1430 499 3650-1608 1410-1400 
NCH ‘ CH;, N—CH,, COOH CH,—COOH, COO 
‘ C—CH, ( N CH, —-COOMe* 


Glycine P 1449 sh 1409 ms 
Cbhzo glycine 4 1454 ss 1433 ms 1413 
Chzo glycine methyl ester | Film 1454 1438 ms 1409 
f-Alanine Pp 1449 1403 ss 
1414 ms 
p-Alanine hydrochloride , 1474 ws 1426 sh 1409 
»-Aminobutyric acid mB 1428 ms 1401 3s 
p-Hydroxy-y-amino- 
butyric acid P 1409 ws 
1393 8B 
f-Hydroxy-y-amino 
butyrie acid hydro 
chloride 1409 


Vonomethyl compounds 
Sarcosine P 1486 wsh 1438 ss 1409 wB 
Sarcosine hydrochloride F 1469 weh 1451 mst 1419 ms 1401 
(Cbzo sarcosine Film 1486 ss 1459 ss 1409 
Cbzo sarcosine methyl 
ester Film 1484 1454 1438 sh 1406 


Dimethyl ¢ om pounds 
Dimethylamine hydro- 
chloride 1439 ws 
N:N-dimethyl glycine 
hydrochloride i 1426 ms 
N:N-dimethyl-f-alanine 
hydrochloric 


Trimethyl compounds 
Primethylamine hydro 
chlorice J 1473 1459 sh 1440 wB 
Betaine hydrochloride 1479 1455 1438 ss 1424 ms 
pLt-Carnitine hydro- 
1475 8h 
1484 ss 


P, paraffin mull , weak sharp 
F, Fluorolube mull . shoulder 
Cbzo, carbobenzoxy » medium 1 
88, strong sharp B, broad 
These bands are not ¢ CH, bands and their assignment is unknown 


= These are probably N CH, bands 


for the C—CH, and CH,—C absorptions near 1460 em~! shown in Table 1 are 
either in Fluorolube or in addition to the normal paraftin absorptions. 


Materials 


Dimethylamine hydrochloride, trimethylamine hydrochloride, sarcosine, sar- 
cosine hydrochloride, betaine hydrochloride and y-aminobutyric acid were obtained 
from British Drug Houses Ltd., glycine and f-alanine from Eastman Kodak 
Company, DL-carnitine hydrochloride from the California Corporation for 


132: 


V ‘ 
16 
1412 
1411 ws 
1424 ws 1414 ss 
1414 wst 
1409 as 
* 
1408 as 
msity 
ty 


C, Watson 


Biochemical Research, and /-hydroxy-y-aminobutyric acid was synthesized by 


Tomita {7}. 
For the preparation of the carbobenzoxy derivatives, phosgene was generated 


by heating fuming sulphuric acid with carbon tetrachloride. 


Carbobenzoxy glycine was prepared by the method of Carter ef al. [8] in 


83 per cent vield of the theoretical amount. The white needles were recrystallized 


twice from chloroform, m.p. (corrected) 120°. Methylation with diazomethane in 


ether gave the liquid ester which was distilled in a sublimation tube under vacuum, 
n, 15202. (Found: C, 58-9; H, 5-8; N, 6-2. Cale. for C,,H,,NO,: C, 59-2 


H. 5-0; N, 6-3°..) Infra-red absorption bands: chzo glycine methyl ester, 1724 


sB cbhzo, 1753 em~'ss ester. (Cbhzo glycine 1737 ss, 1712 sscbzo; 1690, 1675 
COOH doublets.) 
Carbobenzoxy sarcosine was prepared from sarcosine (1-01 og) by the same 


procedure [8] and gave 2-21 g of the derivative (87 per cent theoretical yield) 


which was a clear viscous liquid, n>’ 1-5220. Methylation with diazomethane in 


ether gave the ester which was distilled in a sublimation tube under vacuum. 
ny” 15137. (Found: C, 61.2; H, 6-6; N, 6-0. Cale. for C,,H,,NO,: C, 60-7; 
H, 6-4: N, 5- 


em 


#°..) Infra-red bands: cbhzo sarcosine methyl! ester, 1756 ss ester, 
ss cbzo. (Cbzo sarcosine 1709 em~' sB chzo and COOH.) 


N:N-dimethyl-p-alanine was prepared from £-bromopropionic acid (5 g), 


dissolved in ether (50 ml), cooled in an ice bath, and dimethylamine, generated by 


distillation of the hydrochloride (8 g), was passed into the solution. The flask was 


stoppered and allowed to stand in ice for 4-5 hr. A white oil deposited slowly. 


The ether layer was decanted and the residue washed twice with ether, dried, 


dissolved in water and passed through a column of IR 120 ion exchange resin in 


the H* form. Bromide ions were removed by washing the column with water and 


the product was eluted with ammonia (3 N). Evaporation to dryness with a film 


evaporator below 40° removed ammonia and any dimethyl amine and left a liquid 


which was partly crystalline. Comparison of the infra-red graphs of this material 


with that of the starting materials showed that the compound obtained was 


essentially pure. Acidification of the dipolar ion compound with hydrochloric 


acid and evaporation to dryness at a low temperature gave the crystalline 


hydrochloride. Reerystallizing twice from methyl alcohol gave m.p. 186—188 

(uncorrected). (Found: C, 38-8; H, 7-8; N, 8-7. Cale. for C;H,,NO,Cl: 39-1; 
79: N, 91°...) Infra-red: C—O, 1724 

Results and discussion 


Comprehensive studies of the spectra of the z-amino acids have been made by 


several authors |9%, 10] and the spectra of some /- and y-amino acids have also been 


reported [9]. Some difficulty has been experienced in the assignment of the ionized 


carboxy! group band near 1400 em~' [11,9]. A comparison of the spectra of the 


fomira, Z. Physiol. chem. Hoppe-Seyler’s 124, 253 (1923). 

8| H. E. Carrer, R. L. Frank and H. W. Jounstonx, Org. Syntheses 23, 13 (1943). 

%| A. L. Lerrer and E. R. Lirrprxcort, J. Am. Chem. Soc. 79, 5098 (1957) 

10) R. J. R. A. J. P. Greensrers, M. Wrxirz and 8. M. Brrnnam, Ann. 
A l. Sei. 69, 94 (1957 

11) L. J. Bettamy, The Infrared Spectra of Complex Molecules pp. 171, 240 and 258. John Wiley, 
New York 
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Infra-red identification of the N-methy! group in substituted amino acid hydrochlorides 


un-ionized carboxyl group of the hydrochloride salts with the dipolar ion form 
readily identifies this band. 

Sarcosine, glycine and the f- and y-amino acids which contain an z-methylene 
group —CH,COOH, also show a sharp band of medium intensity near 1410 em=! 
in their hydrochloride salts caused by the deformation vibration of the methylene 
group under the influence of the adjacent carbonyl [11]. The band at 1412 em=! 
discussed by Leirer et al. [9] should be assigned to this methylene vibration. 


90 


Transmission, 


Frequency, 


Fig. 1. Infra-red spectra of N-substituted glycines. 
Sarcosine drochloride. 
B, N:N-dimethylglycine hydrochloride. 
C, Betaine hydrochloride. 

D, Cbhze-sarcosine. 


Table | lists the vibration frequencies between 1500 em~! and 1400 em? of 
several amino acids, their salts and methyl derivatives or related compounds 


which were available or synthesized in order to obtain an assignment for the 
vibration band of the N-methyl group. The adequate resolution which can be 
attained between the bands in this region of the spectrum with sodium chloride 
optics is shown in Fig. 1 by the spectrum of betaine hydrochloride. 

All the compounds containing the N-methyl group in Table 1 show absorption 
between 1470 cm~! and 1489 cm~!. Of these the substituted amino acids absorb 
at 1484 + 5 cm! and the amine hydrochlorides close to 1470 em. 

The intensity of the 1484 cm~! peak is very variable. In the monomethyl 
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derivatives, such as sarcosine, only a weak shoulder occurs, and in the dimethyl 
compounds a small weak sharp peak is evident in the spectra. With the trimethyl 
derivatives, such as betaine hydrochloride, and with the carbobenzoxy-subs- 
tituted compounds, such as carbobenzoxy sarcosine, a very intense sharp band is 
present near 1484cm~'. It is evident from Fig. | that the number of methyl 
groups does not greatly influence the intensity of these peaks. 

With the N-methyl amino acid hydrochlorides, the inductive effect of the 
N-methyl group would tend to reduce the positive charge on the nitrogen atom so 
that in the trimethyl derivatives this charge would be less than in the mono- or 
di-methyl derivatives. (CH,), - N*—CH,COOH, Substitution of sarcosine 


with the carbobenzoxy group causes suppression of the carboxyl ion which is 
shown by the absence of the ion bands in the spectrum and the appearance of the 
carbonyl! absorption of the carboxyl group near 1700 cem~'. Carbobenzoxy sar- 
cosine would then be expected to have an uncharged nitrogen atom. However, 
since no frequency shift is found in the N-methyl group vibration at 1486 cm tin 
this compound, as would be expected with a loss of the positive charge, it must be 
concluded that the strong inductive effect of the carbobenzoxs group induces a 
small positive charge on the nitrogen atom comparable with the reduced charge 


on the nitrogen atom in betaine hydrochloride. 


CH,+N—CH,COOH 


O—C—O 


It appears that a reduction of the charge on the nitrogen atom influences the 
intensity more than the number of methyl! groups. 

\ further indication of N-methyl! substitution may be obtained by the absence 
of the strong N—H. amino acid II band, near 1515 em~' [10, 11] in the di- or 
tri-substituted compounds. Comparison of the spectra of carbobenzoxy glycine 
and carbobenzoxy sarcosine immediately shows the presence of the N—H absorption 
in the former at 1530 em~! which is absent from the sarcosine derivatives, and the 
strong N—CH,, 1486 cm~' peak which is present in the latter. 

Alanine hydrochloride shows a small band at 1474 em~! which is absent from 
}-alanine but present in N:N dimethyl! }-alanine hydrochloride. This band must 
be inherent in the structure of these salts, as the N-methyl band is also present 
at 1485 em~! in the dimethyl compound. 

The bands in Table 1, 1450-1465 em~', are assigned to the normal C—CH, 
and C—CH, group vibrations. Both betaine hydrochloride and sarcosine hydro- 
chloride have bands in this region for which no assignment can be given, as the 
methylene group of these compounds appears as the methylene deformation 
vibration near 1410 

In addition to the bands described, two further bands are commonly found 
between 1440 cm~! and 1400 A very weak carboxyl group band [11] is 
evident in many of the hydrochloride salts close to 1420 em~! which is occasionally 
masked by the adjacent medium intensity 1410 cm~' methylene deformation 
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band. The remaining band near 1438 em~-' occurs in most of the substances in 
Table 1. This band has previously been assigned to the ——N CH,, methyl absorp- 
tion [11] but as the compounds in Table 1 include non-methylated substances and 
this band is absent from pL-carnitine (the betaine of $-hydroxy-y-aminobutyric 
acid) hydrochloride, some other vibration is also involved. It is possible that a 
C—WN vibration similar to the C-——N stretching vibration between 1360 cm~-! and 
1430 em~ found by Hapzi and PrevorseK [12] together with the N-methy! 


deformation may cause this band. 

In amine hydrochloride salts a band is also found near 1412 em~! which has 
been assigned by BreLtiamy [11] to the N—CH, group vibration. Since both of 
these absorption bands are of weak intensity and could be confused with the 
carboxyl 1420 cm~! vibration, they are not useful for identification purposes. 


Acknowledgements—-The writer wishes to thank Dr. Kazvo Onara of Osaka University. Japan, 
and Dr. M. Tomita for the sample of §-hydroxy-y-aminobutyric acid, and Dr. A. D. CampBELt., 
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A strong band at 1200 cm“, characteristic 
of the —CH,—COOH group 
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Abstract— Infra-red absorption spectra were observed for four isotopic species of succinic acid: 
HOOCCH,CH,COOH, DOOCCH,CH,COOD, HOOCCD,CD,COOH and DOOCCD,CD,COOD. 
Based on the results obtained, complete assignments were made for all the observed bands. 
Evidence is given that a strong band at 1205 em of HOOCCH,CH,COOH is assignable to a 
vibration to which the greatest contribution is made by the CH, wagging motion and much 
smaller contributions are made by the C—O stretching, C—C stretching, and OH in-plane 


deformation motions. 


Ix THE course of our studies on the infra-red spectra of carboxylic acids, we have 
observed a strong band at about 1200 cm~! for every examined molecule of the 
X—CH,—COOH type. Strong bands were also observed at the same position by 
some previous investigators for some other X—-CH,—COOH type molecules 
(see Table 1). The problem of the assignment of the above-mentioned band, 
which has not yet been fixed, forms the subject of the present paper. 


Hanzi and SHerrarp [1] observed the infra-red spectra of a number of carboxy- 


lic acids and pointed out that two bands at 1420 and 1315 em~! are characteristic 
of the —COOH group in the ring dimer structure. However, the assignment was 
not given of the strong 1200 em~! band of n-valeric acid, malonic acid, succinic 
acid, glutaric acid and adipic acid seen in the absorption curves they gave. 
KwuRratTAant [2] considered the 1200 cm~! band of «-succinic acid as due to a vibra- 
tion of the —COOH group. KaAGartseE [3] assigned the 1210 em~! band of mono- 
chloroacetic acid (z-form) to a vibration of the —COOH group, which he referred 
to as “carboxy IIIT band”. While, Nakamura [4] assigned the same band of 
monochloroacetic acid to the CH, wagging vibration. CorisH and CHAPMAN [5] 
considered the 1200 em~' band of some monocarboxylic acids as due to the CH, 
wagging vibration. 

With the purpose of solving the problem of the assignment, we have examined 
the infra-red spectra of four isotopic species of succinic acid: HOOCCH,CH,COOH, 
DOOCCH,CH,COOD, HOOCCD,CD,COOH and DOOCCD,CD,COOD. The 
measurement was made of the #-form crystal, which belongs to space group 


* Department of Chemistry, Faculty of Science, Tokyo University, Hongo, Tokyo, Japan. 
+ The Central Research Laboratory of Ajinomoto Co., Inc., 2964 Suzuki-cho, Kawasaki, Kanagawa, 
Japan. 
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A strong band at 1200 cm~', characteristic of the —CH,—COOH group 


/»,°—-P2,/a.[6] The crystal is composed of one-dimensional hydrogen-bonded chains 
arranged parallel to one another. In each chain, adjacent molecules, forming a 
ring dimer structure, are related by a centre of symmetry, and each molecule has 
another centre of symmetry within it. Since there are no hydrogen bonds between 


Table 1. Strong bands observed at about 1200 em for the 
molecules with the —CH,COOH group 


Frequency * 
(em 1) 


Molecule Intensity t 


CICH,COOH 1210 
CH,CH,COOH 1260 
CH,(CH,),COOH 1245 
CH,(CH,),COOH 1220 
CH,(CH,),COOH 1210 
CH,(CH,),COOH 1206 
CH,(CH,),COOH 1202 
CH,(CH,),COOH 1202 
CH,(CH,),COOH 1200 
1220 
1200 
1215 
1190 
1205 
1185 
1209 
1188 
1215 
1200 
1210 
1180 
HOOCCH,CH,COOH 1205 
HOOC(CH,),COOH 1200 
HOOC(CH,),COOH 1190 
HOOC(CH,);COOH 1210 
HOOC(CH,),.COOH 1200 
HOOC(CH,).COOH 1200 
HOOC(CH,).COOH 1190 


HOOC(CH,),CH(CH,),COOH 1225 


CH,(CH,),,COOH 
CH,(CH,), ,COOH 
CH,(CH,),,COOH 
CH,(CH,), 
CH,(CH,),,COOH 


HOOCCH,COOH 


CH, 


* Based upon the data given in the DMS cards as well as the data of 
the present writers. 

+ vs, very strong; s, strong; m, medium. 
different chains, the inter-chain couplings of the vibrations are cousidered to be 
negligibly small. Therefore the number of the infra-red-active vibrations of this 
crystal in the 650-4000 cm~'! region must be exactly equal to that of a fictitious 
radical —CH,—COOH. 

The absorption curves observed for the four isotopic species are shown in 

Fig. 1, and the frequencies and intensities of the observed bands are given in 


(6) J. D. Morrison and J. M. Roperrson, J. Chem. Soc. 980 (1949). 


1329 


4 
4 
Vs 
VS 
s 
Vs 
a 
s 
Ss 
s 
8 
S 
Ss 
Vv Lie 
m 
= er m 
i 
s 
s 
vs 
8 
5 
s 
s 
vs 
4 
q 
; 


PAKEHIKO Masamicut TAKENISHI and Noriko [Iwata 


Frequency, cm 


Fig. 1 Infra-red spectrum of four isotopic species of succinic acid 


Table 2. By comparing these four spectra with one another, we have assigned all 
the observed bands, except a few very weak ones, as in the last column of Table 2. 

The strong band at 1205 em~! of HOOCCH,CH,COOH (the one now in question) 
is attributable to the CH, wagging vibration, on the basis of the following reasons: 

(1) The two coupling vibrations of the C-——O stretching and OH in-plane 
bending modes [1] are assigned to the bands at 1422 and 1312 em~'! for HOOCCH,- 
CH,COOH, since these two bands are observed also for HOOCCD,CD,COOH but 
not for DOOCCH,CH,COOD and DOOCCD,CD,COOD. Therefore no other band 
due to the carboxyl group should appear in the vicinity of 1200 cm~'. Thus the 
strong band at 1205 em~! of HOOCCH,CH,COOH cannot be attributed to the 
carboxy! group. 

(2) The strong band in question is observed for HOOCCH,CH,COOH and 
DOOCCH,CH,COOD, but not for HOOCCD,CD,COOH and DOOCCD,CD,COOD. 
Hence it must be assigned to a vibration of the CH, group. 

(3) In this frequency region, only wagging and twisting vibrations can appear, 
due to the CH, group. Of these two, however, the latter has never been observed 
as a strong absorption, being almost unable to cause a dipole-moment oscillation. 


Then, the CH, wagging vibration must be assigned to the strong 1205 em~! band. 
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A strong band at 1200 em~', characteristic of the CH,—COOH group 


In connexion with the above assignment, the following two points must be 
made: 

(1) The isotopic frequency ratio, 1205/1015 = 1-19, observed of HOOCCH.,- 
CH,COOH and HOOCCD,CD,COOH, is much lower than the ratio, 1-30, calculated 
from the product rule on the assumption that 1205 em and 1015 em~! bands are, 
respectively, due to the “pure” CH, wagging (antisymmetric with respect to the 
centre of symmetry) and a “pure” CD, wagging vibrations. 


Table 2. Observed frequencies (in em 1) of four isotopic species 


of succinic acid and their assignments 


COOH COOH COOD COOD 
CH, CD, CH, cD, 
CH, cD, CH, CD, 

COOH COOH COOD COOD 


Assignment 


1700 vs 1700 vs 1700 vs 1700 vs C—O stretch 
1422s 1410 m C—O stretch OH in-plane def. 
1422s 1422s CH, bend 
1382s 1365 vs C—O stretch 
1312: C—O stretch OH in-plane def. 
1205 s 1212s CH, wag 
1180 1178 m CH, twist 
1057 m 1058 m CD, bend 
1047 s 1043 m OD in-plane def. 
1015 m 1010 m CD, wag 
948 m 947 m CD, twist 
920s 907 s OH out-of-plane def. 
894 m 843 m 859 w 809 w C—C stretch 
803 m 805 m CH, rock 
683 m 685 m OD out-of-plane def. 


vs, very strong; s, strong; m, medium; w, weak. 


(2) The intensity of the band now in question is much stronger than that of 
the CH, wagging band due to the CH, group without adjacent COOH group. 
The above two points may be taken as indicating that, besides the contribution 
from the CH, wagging motion, there is a small contribution to the 1205 em! 


vibration from some in-plane motions in the —-C—COOH group. Thus, on the 
assumption that there is a coupling among the CH, wagging, C—O stretching, OH 
in-plane bending, and C—C stretching motions, the product ratio, (1422 « 1312 
1205 « 894)/(1410 x 1290 « 1015 » 843) 1-29, is in close agreement with the 
calculated ratio, 1-30. The unusually strong intensity of the 1205 cem~! band is 
attributable to a dipole moment oscillation due to the contribution from the polar 
COOH group. 

By our recent examinations it was also shown that the strong 1200 em=} 
bands of malonic acid and monochloroacetic acid disappear on their C-deuteration. 
Therefore the 1200 em! bands of these acids are also assignable to their CH, 
wagging modes, although the complete assignment of all the observed bands are 
less easy for these acids than /-succinic acid. 
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Experimental 
Suceinic acid-d,, DOOCCD,CD,COOD, was prepared by the reduction of 
potassium salt of acetylene dicarboxylic acid [7] with sodium amalgam and D,O 
by the method of HALForD and ANDERSON [8]: 


KOOCC=CCOOK KOOCCD,CD,COOK DOOCCD,CD,COOD 
The DBr, used in the neutralization process, was obtained by the reaction of PBr, 
with D,O. 

Succinie acid-2:2:3:3-d,, HOOCCD,CD,COOH, was prepared by dissolving 
succinic acid-d, in H,O and then by evaporating the solvent in a vacuum. 

Succinic acid (f-form), HOOCCH,CH,COOH, was purified by recrystallization 
from water, m.p. 189-5°C. 

Succinie acid-1:4-d,, DOOCCH,CH,COOD, was obtained by dissolving un- 
deuterated succinic acid in D,O and then by evaporating the solvent in a vacuum. 

Infra-red absorption measurements were carried out by means of a Perkin- 
Elmer model 21 spectrometer with an NaCl prism. The measurements were made 
in the Nujol mulls, hexachlorobutadiene mulls and/or K Br disks. 


Org. Syntheses (Coll. Vol.) 2, 10 (1948 
(8) J. O. Hatrorp and L. C. ANpERson, J. Am. Chem. Soc. 58, 736 (1936). 
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The infra-red intensities of the carbonyl band in halogenated 
derivatives of acetic acid+ 


J. BELLANATO and J. R. BARCELGO 
Institute of Optics, Madrid, Spain 


(Received 24 November 1959; in re vised form 1 July 1960) 


Abstract—The intrinsic intensity of the C—O infra-red band has been measured for various 
halogenated acetic acid derivatives dissolved in carbon tetrachloride. For reference purposes, 
formic and acetic acids were studied. p-Carboxydichloroacetic acid was also measured. For 
measurement of the intensity, WILsSoN—WELLS extrapolation was used and a correction of the 
‘‘wings’” was made by Ramsay’s method. Even in dilute solutions of carboxylic acids the 
C—O band is double. The more intense maximum in our solutions corresponds to the dimer 
and lies at lower frequency than that corresponding to the monomer. It was not possible to 
eliminate the monomer although in some cases its absorption was in the range of only 1 per cent 
of the dimer. 

Since the effect of hydrogen bonding on the intensity of the carbonyl band in this case is 
expected to be small, the total intensity was measured for both bands. On the other hand, 
the overlap of the monomer band was negligible at the concentrations used and it was possible 
to measure the area of the dimer band Ww ithout any considerable error. The monomer and dimer 
concentrations required for calculating the intensities were determined, approximately, on the 
basis of the optical densities at the maximal absorptions. With these data, the maximal 
molecular extinction coefficients and the intensities of the dimer bands were calculated. 

The intensity values were related to the chemical reactivity by using the Taft polar 


parameters. 


Tne band associated with the stretching vibration of the C—O bond whose 
frequency is located between 1580 and 1900 cm~! appears isolated in the spectrum, 
and shows a high intensity. It has been studied in various compounds, such as 


amides, steroids, acetophenones, cyclanones, esters, aliphatic and aromatic 


aldehydes, etc. [1]. There seems to be no previous data on the intensity of the 


(—O band in the series of halogenated derivatives of acetic acid. The intensity 
of the carbonyl band for acetic acid, which we also measured has already been 
determined by WENOGRAD and Spurr [2]. 

Infra-red intensities have also been related to Hammett’s equation 


log K, log Ky = po 


where K, is the ionization constant of the non-substituted benzoic acid, A, that 
of the substituted substance, p a constant depending on the reaction type, and 


2] 


o a constant depending on the nature of the substituent [3]. However, it has been 


This paper has been supported, in part, by the U.S. Department of the Army, through its 
European Research Office. 
T. L. Brown, Chem. Revs. 58, 581 (1958) 
J. WenocrRap and R. Spurr, J. Am. Chem. Soc. 79, 5844 (1957). 
| L. P. Hamert, Physical Organic Chemistry. McGraw-Hill, New York (1940). 
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found recently that for aromatic substances in which the substituent exerts both 


resonance and inductive effects, it is necessary to use both the inductive and the 
resonance parameters, and into which Tart [4] splits the Hammett o,-value. 
This arises, for instance, in the case of halogenated derivatives of benzene 5]. 
In the case of the derivatives of the fatty series we can apply Taft reactivity 
constants, o*, equivalent to the inductive constants, which are derived on the 
basis of reactivity considerations for substituents in aliphatic substances. The 
intensity of the carbonyl group in halogenated acetic acids can, then, be related 


to the reactivity through laft constants with interesting conclusions However, 


the ( 1) vibration in monocarboxylic acids presents some peculiarities which 
must be taken into accou It is now realized that carboxylic acids are generally 
found associated in dimer form in the liquid and in the solid phase. Even in the 
vapour phase and in diluted solutions in inert solvents, like carbon tetrachloride. 
these dimer associations exist beside the monomer. It is known that the dimer is 
formed by means of two hydrogen bonds between each hydroxy! group and the 


carboxylic oxygen of the other molecule. It is also known that, contrary to what 
occurs in the case of alcohols and phenols, polymer associations exist only in 
highly concentrated solutions or in the liquid and solid phases, but always in small 
quantities and in certain well-defined circumstances. As regards the O—H stretch- 
ing vibration of acids two infra-red bands appear in the spectrum, one due to the 
monomer and the other to the dimer. 

In the case of the C—O stretching vibration there are similarly two bands at 
relatively close frequencies, which overlap more or less according to the charac- 
teristics of the spectrograph. In the case of solutions, the intensity of the band 
corresponding to the monomer form increases with dilution as well as with the 
elevation of the temperature, while at the same time the intensity of the band 
corresponding to the dimer form decreases. In the liquid and solid phases the band 
corresponding to the monomer form is not observed [6], except in a few special 
cases. It is interesting to note that the ease of association and. therefore. the 
dimerization constant, appear to be related to the reactivity of the substituents in 
the neighbourlh« od of the carboxy] group. 

Among other features of the absorption bands there are the symmetry or the 
asymmetry of the band and especially the variations in the half band width on 
passing from one member to another in a series of compounds. 


Experimental 


In the work described in this paper we have studied the characteristics of the 
C==(©) infra-red bands of twelve substances. These were the three fluoroacetic 
acids (CH,FCOOH, CHF,COOH, CF,COOH), the three chloroacetic acids 
(CH ,CICOOH, CHCI,COOH, CCI,COOH), monobromacetic (CH,BrCOOH) and 
tribromoacetic acid (CBr,COOH), and monoiodoacetic acid (CH,ICOOH). For 


R. W. Tart Jr., Separation of polar, steric, and resonance effects in reactivity, Steric Effects in 
Organic Chemistry (Edited by M. 8. Newman). John Wiley, New York (1956). 
E. D. Scusip, B. Starck and J. BeLuanato, International Meeting of European Molecular Spectro- 
scopists, Freiburg im Breisgau, July, 1957. 

6) M. P. Joner and J. R. Barceé, Anales real. soc. espaii. fis. y quim. 58B, 339 (1957). 
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- reference purposes we also studied acetic acid (CH OOH) and formie acid 
3 (HCOOH). We have also studied deuterated dichloroacetic acid (( HCLCOOD),. 
Materials 
' The light and heavy dichloroacetic acids were synthesized in our laboratory. 
The former was prepared by DeLePrIne’s method [7] by chloral hydrate reaction 
with sodium carbonate in presence of sodium cyanide, the resulting product being 
hydrolysed with hydrochloric acid and the dichloroacetic acid being extracted 
with ether. The product was purified by distillation at low pressure. 
The deuterated dichloroacetic acid was obtained by hydrolysis of the anhydride 
with deuterium oxide supplied by Norsk Hydro. This hydrolysis was carried out in 
a dry nitrogen atmosphere. The product was purified by distillation in a current 
of dry nitrogen free from oxygen under a pressure of approximately 25 mm 
(boiling point 106—-L08°C). 
The remaining products were obtained from the following sources: formic 
acid (Schuchardt), approximately 100 per cent, was dried with anhydrous copper 
. sulphate and distilled at low pressure. The monochloro- and trichloro-acetic acids 
(Gehe & Co. and Warka. respectively) were purified by distillation at low pressure, 
The monobromo-, monofluoro-, difluoro- and trifluoro-acetic acids (Fluka) were 
distilled at low pressure, except the trifluoroacetic acid, which was distilled at 
normal pressure. Acetic acid (Schuchardt) was distilled over P.O., bromoacetic 
acid (Fluka, pure, m.p. 131°C) and monoiodoacetic acid (Fluka. very pure, m.p. 
84°C) were used directly without purification. 
Pre paration of solutions 
2 All the substances were studied in carbon tetrachloride solution. The solvent 
‘ was purified by distilling the pure Panreac product tw ice over phosphorus pentoxide. 
In the case of monofluoroacetic and trichloroacetic acids. which are very 
; hygroscopic, the substance was distilled straight from the distilling apparatus 


into the flask in which the solution was made up. 


Spectral measurements 


A Perkin—Elmer model 112 infra-red spectrometer with a NaCl prism was used. 


With this double path instrument the scattered light recorded is only 0-25 per cent 


so that no correction is necessary. For calibration, bands of atmospheric water 


vapour were used. On the other hand, the intensity of these bands was eliminated 
to a considerable extent by means of P,O, placed inside the apparatus and of a 


device which minimized the space available for placing the cell. With this singk 


beam instrument two spectra are required for each measurement one with the cell 
filled with solution and the other with the cell filled with the solvent immediate! 


afterwards. The mean effective value of the slit widths was 4-4 em=! at 1750 em~!. 
The intensities of the substances studied were obtained by Witson and WELLS’s 
method [8] and the wing correction of Ramsay [9]. However, although RAMSAY’s 


[7] M. De.ertne, Bull, Soc. Chim. France 45, 827 (1929). 
[8] E. B. Witson, Jr. and A. J. Weis, J. Chem. Phys. 14, 578 (1946). 
{9} D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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corrections can be applied in many cases, it must be remembered that the band 
shapes do not exactly conform to a Lorentz function. As several authors have 
shown [10-12], Ramsay's correction values are too high in many cases. 

According to the method, the absorption curve was plotted as log (7',/T) 
against »y in em~'. The area under the curve was determined for a frequency 
interval (vy — v,) which varied between 100 and 50 cm~! on each side of the band 
centre, according to the band width and the concentration of the substance used. 

The apparent half band widths varied between 12 and 25cm~-!. In these 
conditions the apparent intensity measured 

. m 
B=+{in(=*) a 
cl. 


remains practically unchanged with the concentration, and in the formula 
B 
Gin(T,/T 


max 


A 


§ = 0-011-—0-003 (negative value). Therefore, it is not necessary to extrapolate 
to zero of concentration or In(7’,/7') and it is sufficient to find the mean value of 
the measurements made. For the same reason, the true half-intensity widths are 
approximately equal to the apparent values. 

Figs. 1-4 show the monomer and dimer bands in different cases, and Table | 
lists the frequencies. The concentration was from 0-015 to 0-112 moles/I. 


Table l 


Monomer Dimer Dimer symmetry 


Acetic 1771 1714 
Formic 1754 725 
Monoiodoacetic 772 1713 
Monobromoacetic 772 1726 
Monochloroacetic 1791 1737 
Monofiuoroacetic 1797 1743, 1746 
Dichloroacetic 1784 1744 
p-Dichloroacetic 1788 1744 
Difluoroacetic 1794 1764 
Tribromoacetice 772 1735 
Trichloroacetic 1789 752 


Trifluoroacetic 1813 1780 


In the substances studied and with the cell thickness used it was not possible 
to eliminate the monomer form as far as was desired. Whereas in some cases the 


area corresponding to the monomer form was | per cent of the total area measured, 
i.e. practically negligible, in others and at the lower concentrations this area 
amounted to 13 per cent of the total. 

A. and H. W. Truompson, Spectrochim. Acta 9, 133 (1957). 


. J. Stone and H. W. Tvompson, S pectroc him. Acta 10, 17 (1957). 
Moccia and 8, Catirano, Gazz. chim. ital. 88, 342 (1958). 
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The infra-red intensities of the carbonyl band in halogenated derivatives of acetic acid 


Log —2 
I> 0,7 


1650 1700 1750 “1800 
Fig. 1. 
COOH: el 7°36 10-7 mole/em?*; 0-0629 10-* mole/em*, 
-CH,—COOH; 7-19 10-7 mole/em?; 0-0615 10-* mole/em*. 


1650 1700 1750 
Fig. 2. 
CH, I—COOH; e.l 9-01 10-7 mole/em*?; ¢ = 0-0770 mole/em’. 
———— CH,Cl—COOH;; = 8-89 10-7 mole/em?; ¢ = 0-0432 10-3 mole/em’. 
CH,F COOH; 9-24 10-7? mole/em?; ¢ 0-0168 10-3 mole/em?. 
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1650 1700 1750 1850 cm" 
Fig. 3 
CHC1,—COOH; 10°? mok 


0-060) 10-* mole/em. 
CHF,—COOH; 10 


? mole/em*; 00-0156 mole/em?* 


650 1750 1800 7850 
Fig. 4. 

CBr,—COOH; ce. 6-48 10-7? mole/em?*: 0-0554 

CCl,—COOH; 8-30 10-7 mok 

CF,— OOH: ec. 10-7 


10-* mole/em*. 
em*; ¢ 0-0403 10-3 mole/em'. 
mole/em?; ¢ 0-0762 10-* mole/cem*. 


In the first place, since we expected that hydrogen bonding would only slightly 
enhance the intensity of the carbonyl band [2], we measured the total area of the 


two bands and referred it to the total acid concentration expressed in monomer 
molecules. 


The results of these measurements are given in Table 2 with the A- 
values expressed in em~*? mole~! |. x 10-4. We also show the concentration limits 
used, the mean spectral slit s in em~', and the Taft constant corresponding to 
each substituent. Some of these constants were not calculated by Tart and in such 
cases we have estimated them in accordance with his rules [4]. We found different 
values according to the compounds taken as points of reference for the calculation. 

On the other hand, we have tried to estimate the dimer band intensity by 
calculating, approximately, the corresponding concentration. We corrected the 
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The infra-red intensities of the carbonyl band in halogenated derivatives of acetic acid 


Concentration Total 
(moles/1.) intensity A, 


CH, 0-00 0-0164-0-0615 4-5 4:5 
H 0-49 0-0150—0-0630 4-3 4-6 
CH,l 0-85 0-0200—0-0770 4-0 4-6 
CH,br 1-00 0-0385—0-0915 4-0 4:5 
CH,Cl 1-05 0-0275—-0-0430 4-3 4-4 
1-10 0-0168—0-0270 4-1 4-2 
CHCl, 1-94 0-0193-—0-0995 4-4 4-0 
CHCL(p) 0-0210—0-0325 3-9 
CHF, 2-05 0-0098-0-0155 4-2 3.6 
CBr, 2-34-2-52 0-0200-0-0555 4-0 3-7 
‘ly 2-65 0-0246-0-0405 4:5 3-6 
CF, 2-58—2-7! 0-0236—0-1180 4-2 3-4 


total concentration for the amount of monomer present, on the basis of the optical 
densities at the maximal absorption of the two C=O bands and by assuming, here, 


that the two extinction coefficients do not differ greatly. As the overlapping of 


the monomer band is negligible at the concentrations used, the area corresponding 


to the dimer can be measured without appreciable error. 


In the case of acetic and trichloroacetic acids these approximate concentration 


values are similar to those calculated from the equilibrium constant for the 
dimerization: K = 2M?/(C — M) (M is the monomer acid concentration, C the 
total acid concentration and C = 2D + M, where D is the dimer concentration) 
For the monochloro- and dichloro-acetic acids the agreement is not so good. 


Harris and Hopsss [13] determined these constants for the dimer-monomer 


equilibria of acetic and chloroacetic acids in dilute carbon tetrachloride solutions 


by measuring the infra-red optical densities corresponding to the O—-H monomer 


stretching band, and obtained as mean equilibrium constants 2-5 10-4, 6-2 
10-4, 9-3 10-4, and 19 10-4 for acetic, monochloroacetic, dichloroacetic and 
trichloroacetic acids, respectively. The values are obtained from the formula 


in which d is the optical density corresponding to the monomer, ¢ the molar 
extinction coefficient, / the cell path length and C the total acid concentration. 
A plot of d against C/d gives a straight line of slope K/2¢?/* and intercepts K/2el. 

Barrow and YERGER [14] and Wenocrap and Spurr [2] also calculated the 
dimerization constant for acetic acid, with different results. 

In Table 3, values are given for the intensity of the dimer band, the apparent 
half band width, the apparent molecular extinction coefficients and those found 
by using Ramsay’s correction factors. These molecular coefficients 1/cl log I,/I 


are expressed in cm? mole~! (log,,). 


3] J. T. Harris and M. E. Hospss, J. Am. Chem. Soc. 76, 1419 (1954). 
4| G. M. Barrow and E. A. Yercer, J. Am. Chem. Soc. 76, 5428 (1954). 
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Table 3 


Substituent en X 108 


~ 
~ 


1080 
990 
782 
543 
463 
497 

498 

CHCI,(pD) 539 

CHF, 450 

CBr, 14 725 

CCl, 12 866 

CF, > 19 577 


~ 


Discussion 

Shape of the absorption band 

In the compounds studied, the absorption band is not always symmetric. On 
the contrary, in some compounds an asymmetry is seen towards lower frequencies, 
in monochloro-, trichloro- and monofluoro-acetic acids, or towards the long 
frequencies in formic acid. In our working conditions this asymmetry is slight in 
formic and trichloroacetic acids. In monochloroacetic acid it occurs as a shoulder 
and in monofluoroacetic acid the band has a complex shape, showing several 
absorption maxima. ‘Two of these maxima belong to the sharper part of the band: 
another occurs in the area corresponding to the monomer; and the other two, on 
the right and on the left of the maximal absorption (1772 and 1721 em~!). In 
monochloro- and in monofluoro-acetic acids, there may be a rotational isomerism 
which leads to two conformations according to the position of the halogen in space 
in relation to the carboxyl group, each showing a different frequency. The more 
polar conformation, which is that in which the halogen and oxygen are as near as 
possible, will be that of the higher frequency. These effects have been studied and 
discussed, among other authors. by Mizusnmima et al. as regards chloroacety! 
chloride, bromoacety! chloride and bromoacetyl bromide [15] and chloroacetone 
16}; and by Bettamy and WILLIAMs [17] as regards halogenated aldehydes and 
z-chloro-acid halides. In chlorinated aldehydes there is only one rotational isomer 
in carbon tetrachloride solution, that in which the chlorine is located farthest from 
the oxygen atom; whereas in monochloro- and dichloro-acety! chloride, for instance, 
in which steric effects and electrostatic repulsions among the chlorine atoms also 
intervene, two carbonyl frequencies appear, corresponding to the two conforma- 
tions. In monofluoroacetic acid two weak bands have to be accounted for. One 
(1772 em~') may be attributed to the rotational isomer of the monomer. There is 
also the possibility that another form exists for the dimer composed by the two 


15) I. Nakacawa, I. K. Kuratani, T. Mryvazawa, T. and 8. Mizusnma, 
J. Chem. Phys. 20, 1720 (1952 
16) S. Mizesuima, T. Suimanovent, T. Mryazawa, I. K. Kuratant, I. NAKAGAWA and 
Surpo, J. Chem. Phys. 21, 815 (1953 
J. Bectamy and R. L. J. Chem. Soc. 3465 (1958). 
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The infra-red intensities of the carbonyl band in halogenated derivatives of acetic acid 


different rotational forms of the monomers and this may explain the fifth band at 

21 cm~'.+ To study these effects in all the mono- and di-halogenated derivatives 
it ponder be necessary to employ polar solvents and also to have a better resolution 
than that provided by the NaCl prism. 


Variation in the absorption intensity of the carbonyl band 


Numerous measurements of the C—O band intensity have been made [18-21]. 
Brown [1] and others have studied a series of amides, relating the in- 
tensities to the Taft o* constants. WENOGRAD and Spurr | 2] studied four carboxy- 
lic acids, two aliphatic acids, and two cyclic acids. These data show that the 


intensity of the carbonyl band in the various compounds studied generally varies 
between 1-2 and 6 units (1 unit mole! |. 10-4), 

The C=O intensity values in the twelve carboxylic acids studied in this paper 
vary between 3-4 and 4-7 units for the band corresponding to the dimer, the 
concentration being referred to the molecular weight of the monomer units. The 
intensity values referred to the total area (dimer and monomer) and the total acid 
concentration are between 3-4 and 4-6 units. 

In the compounds studied in this paper the substituent joined to the COOH 
group exerts primarily an inductive effect. If we plot the intensity A, or A, of 
the band C=O as a function of o* we find that the relation is roughly linear, the 
point corresponding to the acetic acid scattering from the correlation line (Figs. 
5 and 6). In the second diagram the fluorinated compounds seem to lie on a 
separated line. 

In either of the two graphs it can be seen that the intensity diminishes as the 
Taft constant increases, i.e. as the electronegativity of the substituents increases, 
and this is in keeping with the properties of the C—O group. For, the electronic 
ground state of a carbonyl compound is contributed by the structures: 


C—O 


+ Private communication from Dr. C. La Lav, Koninklijke/Shell-Laboratorium, Amsterdam. 
18} R. N. Jones, D. A. Ramsay, D. 8S. Kerr and R. Dosrimer, J. Am. Chem. Soc. 74, 80 (1952) 
191) G. M. Barrow, J. Chem. Phys. 21, 2008 (1953). 

20) T. BUrer and H. H. GiUnruarp, Helv. Chim. Acta 39, 356 (1956). 
21) H. W. THompson, R. W. NeepuamM and D. Jameson, Spectrochim. Acta 9, 208 (1957). 
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When the C—O bond distance increases, the ionic structure becomes more im- 
portant for the determination of the electronic ground state, so that du/dr is in the 
direction of the increasing ‘ © bond moment. Therefore the C—O stretching is 
an electron-withdrawing process and the intensity will be lower when the sub- 


stituent groups are more electronegative, contrary to what occurs in the case of 


groups ¢ H and N—H, in which the electronegative substituents favour the 
corresponding stretching 


lee slay extinction cor fh i nis and halt hand widths 


Many investigators have used the maximal molecular extinction coefficient 
to characterize the intensity of an infra-red band, because this is a much easier 
measure than that of the integrated intensity This is especially convenient when 

bands overlap However the integrated absorption intensity is the only 

tion of the intensity that has an absolute physic al meaning, because it involves 
height and the width of the band. In this study it becomes clear that the 
lar extinction coefficients cannot always be used to compare hand in- 
ties In a series of compounds when, as in our case, the widths of the bands do 

it remain constant from compound to compound 
mpare the extinction coefticient values in Table 3 we see that they first 
* increases in the case of acetic, formic and monohalogenated acids. 
ds generally tend to increase in the susbtituted di- and tri-derivatives. 
d widths on the other hand tend to increase with o* from acetic to 
wcetic and to decrease in the remaining compounds We do not vet 
relationships between the peak heights of the bands and their 
e cannot, therefore, adequately explain these experimental facts 


observed in various series of compounds | 22 


experimental results in the case of dichloroacetic acid show that the 
cement of the hydrogen has no significant effect upon the intensity of the 


() band. In the light acid the dimer band intensity is 4-2 units, whereas for 


he deuterated acid it is 4-0. These values are 4-0 and 3-9 units. respectively, 


§0 
kd 
5+ °H CH,! 
| : 
<4 
CH 
f CHCl, 
4 cer 
° 
20 25 30 
Fic. 6 
= 
4 V \ 
7 
10 
a 
Deuterated acids 
(Edited by \ Infrared and Raman 
by W. West). Intersei spectrometry, Chemical Appl 
nee, New York (1956 pplications of Spec- 
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in the case of the total intensity. As we had no deuterated monochloro- or tri- 


chloro-acetic acid of 100 per cent isotopic purity available, we did not measure the 


intensity for these acids; it would have been interesting to determine it in order 
to be able to generalize further regarding the results. Although deuteration in 
dichloroacetic acid exerts no significant effect on the intensity, the variations in 
the values for this intensity are in the same range as those which occur when passing 
from one member to another of the series of compounds studied, and are therefore 
worthy of consideration. The drop in intensity in the C—O band of deuterated 
dichloroacetic acid as compared with the light acid is paralleled by a decrease in 
the half band width Av, (22 and 25 em~, respectively). On the other hand the 
variation in the maximal extinction coefficient is in the reverse sense (539 for the 
deuterated compound and 498 for the light). It is interesting to observe that the 
frequency of the C—O band for the dimer remains the same in the two compounds 
(1744 cm~') and the monomer band only undergoes a variation of 4 em~ (1784 
cm~' for the light acid and 1788 em~! for the deuterated). 

In the case of diethyl ketone and deuterated derivatives. Nourx and Joxes 
|23] observe similar variations, but in the reverse sense. i.e. slight increase of the 
intensity and a decrease of the extinction coefficient and of the frequency in the 
deuterated derivatives as against the light compounds. 


Acknowledgement—-We should like to thank Dr. C. Orero for performing the deuteration 
and for general assistance with the work. 


23) B. Nour and R. N. Jones, J. Am. Chem. Soc. 75, 5626 (1953). 
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Infra-red spectra of ethylenediamine dihydrochloride and other amine 
hydrochlorides in alkali halide disks 


JUANA BELLANATO 
Institute of Optics, Madrid, Spain 


(Received 26 July 1960) 


Abstract—The infra-red spectra of solids can be studied by the pressed-disk technique. This 
involves pulverizing a little of the sample with a powdered alkali halide and pressing in vacuo 
inder pressure to give a transparent disk. The spectra observed using pressed disks sometimes 
differ | arkedly fron thos observed with other te hniques 

Ethylenediamine dihydrochloride and the three methylamine hydrochlorides were pressed 
with KCl, KBr, KI, NaCl and NaBr. The changes in their spectra were studied. The results 
obtained indicate that the changes are principally produced by hydrogen-bond type interactions. 
These cur between the physically adsorbed polar molecules and the negative ions Cl-, Br 


and I~ of the polvervstalline alkali halides 


Introduction 
To stupy the infra-red spectra of substances in the solid state, it is convenient to 
use pressed disks. In this method a small quantity of the substance under observa- 
tion is finely ground and carefully mixed with an alkali halide, normally KBr. 


A transparent disk is obtained when the powder is compressed by a pressure 
greater than 5000 kg/em*. This technique has several advantages over the others 
which are used to study the spectra of solids. However, changes in the spectra of 
some compounds have been observed depending on the conditions used | | |. Thus 


the spectra of some phenols and organic acids are modified because of the adsorption 
of the molecules on the alkali halide surface through their hydroxyl groups [2]. 
In other substances the alterations are attributed to formation of mixed crystals 
3, 4). Interesting studies have also been carried out using various organic com- 
pounds in the form of monolayers on different support materials, e.g. SiO,, Agl, 
AgCl, ete. [5|. Previously [6], we have observed changes in the spectra of some 
amine hydrochlorides when pressed with KBr compared with measurements in 
Nujol mulls. Because of this we have used other alkali halides to prepare pellets 
in order to investigate these changes. The alkali halides used were NaCl, KCl, 
NaBr, KBr and KI. The spectrum of ethylenediamine dihydrochloride which we 
did not report previously is included. 


Experimental 
Monomethylamine hydrochloride was supplied by Schuchardt, dimethylamine- 
and trimethylamine-hydrochlorides were obtained as described previously [6] and 


4. W. Baker, J. Phys. Chem DO (1957 
V. Farmer, Spectrochim. Act 37 1957 

J. A. A. Kevrecaar, C. Haas and J. vaAN per Evsken, J. Chem. Phys. 24, 624 (1956). 

J. E. Stewart, J. Chem. Phys. 26, 248 (1957 

G. Karacounts and O. Perer, Z. Elektrochem. 61, 827, 1094 (1957); 63, 1120 (1959). 

J. Bectanato and J. R. Barce.é, Anales real soc espan. fis y quem. (Madrid) 460 (1956). 


1344 


4 
¥ 
} 
_ 
Fr 
a 
3 
4 
4 
. 


Infra-red spectra of ethylenediamine dihydrochloride 


the ethylenediamine dihydrochloride obtained from Merck, was purified by 
recrystallization from distilled water. 

The spectra were recorded from 4000 to 670 cm~! using two instruments. The 
higher frequencies were measured by a Hilger D209 spectrometer having a lithium 
fluoride prism; the lower range was covered by a Perkin-Elmer 112 instrument 
with a rock salt prism. Only one band of appreciable intensity was observed in 
the region from 670 to 450 cm~ using a potassium bromide prism. This band 
occurs at 465 cm~' for trimethylamine hydrochloride. From 3 to 4 mg of hydro- 
chloride was mixed with approximately 1 g of alkali halide and powdered for 
10 min in an agate mortar. A pressure of 6000 kg/cm* was applied to the powder 
in order to obtain the pellets. 


Ethylenediamine dihydrochloride (H,N.CH,.CH,.NH, ion) 

We have assumed that the ethylenediamine ion possesses a C,, symmetry, as 
this occurs for solid n-butane and other similar compounds with the same electronic 
structure. 

The Raman spectrum of this substance has been given by Epsai [7]. As we 
have studied this compound in the solid state the results are not strictly com- 
parable, but it appears to fulfil the selection rules required for the C,, symmetry, 
i.e. the vibrations active in infra-red are inactive in Raman and vice versa. How- 
ever, forbidden bands can be observed using pressed disks. 

The thirty-six fundamental vibrations can be split into eleven of species A, 
and seven of species B,, both species being active in Raman. The remaining 
vibrations are infra-red active; eight are assigned to the species A, and ten to the 
species B.. In assigning the bands observed to the fundamental vibrations we 
have taken into consideration mainly the results obtained for the methylamine- 
hydrochlorides* and for the ethylenediamine [6, 9}. 

Table 1 gives the classification of the fundamental frequencies according to 
the supposed svmmetry Cs together with the corresponding infra-red and Raman 
frequencies in em~'. Table 2 gives a comparison of the infra-red frequencies 
observed with different alkali halides. The relative intensity of the bands are 
shown by vs, s, m, w and vw meaning, respectively, very strong, strong, medium, 
weak and very weak. 

The changes in the spectra produced by use of different support materials seem 


to be due chiefly to the interaction of the hydrogen atoms in the cations NH, 


NH,. NH and the halogen ions of the crystalline lattices. The most marked 
changes are to be expected in the case of ethylenediamine dihydrochloride which 


contains two NH, groups. These effects are of three types: (1) Variation in the 
intensity of the absorption bands, (2) shifts in the frequency maxima, (3) appear- 
ance of new bands and disappearance of existing ones. 

* The work of Esswortn and SHEPPARD [8] on hydrogen and deuterated dimethylamine and tri- 


methy lamine hydroiodides has been used to correct some previous assignments. 


T. Epsaur, J. Am. Chem. Soc. 65, 1767 (1943). 
E. A. V. Essworrtn and N. Suerrarp, Spectrochim, Acta 18, 261 (1959). 
(9) J. BeELLanato, Anales real soc, espan. fis. y quim. (Madrid) 52B, 363 (1956). 
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lable 1. Fundamental vibrations of the H,N.CH,.CH,.NH, ion (C,, symmetry) 


A,(R, p) dp) (I) 


NH, asym. stretching 3128? S085 
sym. stretching 2989* q 2980 


stretching 2803 2910 yg 2877 


asym. deformation 1615* 1564 Vag L610 
1504 151] 


sym. deformation 
1462* 1493 


bending 
wagging 1340* ag 
twisting 


C—N stretching sy, 1055.* 826* a, LOS6 


rocking 1007 


rocking 
C—N bending is1* 


Skeletal torsion 


NH, twisting Vi9 


sometimes also shown in infra-red, 


The spectrum observed for the ethylenediamine dihydrochloride in Nujol is 
similar to that obtained using pellets of KCl and NaCl. The differences in spectra 


appear when KI, KBr and NaBr are used in the disks. It was difficult to obtain 
satisfactory pellets for NaBr but a general similarity was found to the spectra 
observed with KBr. Because of that the results using KBr and KI are considered 
in relation to those obtained with KCl and NaCl (Table 2). 

Fig. 1 shows the spectra of ethylenediamine dihydrochloride in pellets of KBr 


and KCl. 


7 be 3 2 4 * 


/ 


1 


Fig. 1. Ethylenediamine dihydrochloride (a) in KBr pressed disks, (b) in KC] pressed disks. 
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Table 2. Infra-red frequencies of the ethylenediammonium ion, H,N.CH,.CH,.NH, (em™?) 


NaCl KCl KBr Kl Assignment 


sh 3230 sh 3195s ‘ Vie (vN—H) A 


3128; (VN—H) 


| 3070 sh Voz (VN—H) B, 


2980 2980 3005 vs 3005 Vo, (VN—H) B,, 
2914 2910 2928 vs 2914 A,, 
2887 2877 2892 sh Yog (VC—H) B, 
2803 2803 2800 2790 (vC—H) A, 
2760 2758 
2750 2750 
2745 
2712 27: 2712 m 
2680 2670 m 
2633 
2570 
2515 
2440 
2420 
2102 


2062 2062 


2012 2012 


1823 


1603 


1564 
1511 
1504 's (ONHG) - 


1493 go (OCHA) 
1482 , 


"35 
1464 (OCH) 
1449 
1380 Vag "35 
135 33 (WCH,) B 
341 1346 
1316 "5 (yCHg) 


74 


10s4 LOS6 1082 (yN 
1032 L034 1033 1025 (pN Hg) 
1005 1007 (pN Hg) 


950 (pN 
S71 (pCH,) 
S61 


V26 


23 
wN—H----X 
V Vie 
16 2062 w vN—H + | 
196 
1946 vw 1915 vw Vig Vog 
1859 vw Vig 
vs 1828 vw 1834 vw Ve Van 
. 1610s 1590 s (ONH,) B 
1561 vs "30° "14 
L511 s.sh L511 
L504 vs L504 vs 
1486 sh 1493 sh B,, 
820m 821m 792 m A. 
q 
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In the region of N—H and C—H stretching vibrations, considerable variations 
in frequency are observed in some cases. While in the bands assigned to the 
vibrations 74, v,; and v5, the frequency decreases in the order chloride, bromide, 
iodide; there is no regular shift of frequency for the other bands. However, the 
considerable overlapping of bands in this region and the presence of overtones 
and combination bands may perturb the spectra. 

This compound behaves similarly to the other hydrochlorides studied in the 
region 2000-2600 cm~! and its spectrum changes with the different halides. This 


is to be expected as the bands in this region are either combinations of the NH 
fundamental vibrations or vibrations of the type N—H----N, N—H---- Cl 


and N—H----X (where X is the anion of the alkali halide). Besides changing 
in frequency, the number of bands is altered under these conditions. For example, 
the bands at 2440 and 2062 em~! in Nujol, KCl and NaCl, disappear or have very 
weak intensity when measured in KBr and KI. It is possible that these bands 


are caused by N—H----Cl vibrations in the hydrochloride. The absence of 
absorption in the region of 2400 em~ in the case of KI may be due to atmospheric 
carbon dioxide which would absorb in the same region as the shifted bands. 


The region corresponding to the deformation of the NH, group is greatly 
influenced by the support material, specially KI. For example the band at 1610 
em~ in KC] (1603 in NaCl) is displaced to 1590 em-! in KBr and 1561 em~ in KI. 


The band at 1511 em~, also assigned to an NH, deformation vibration, is shifted 
in KI to 1492 cm~'. In KBr, a new band appears at 1564 em-!, which we assign 
to the »,, vibration, and also in KI at 1561 em! where we think that it coincides 


with the »,, vibration. As with the N—H stretching vibrations, the deformation 
vibrations show a decrease in frequency on going from chloride to iodide. This is 
opposite to the effect normally observed with bending vibrations involved in 
hydrogen bonds. 

The bands at 1034 and 1007 em~! in KCl are assigned to the »,, and v,, NH, 
rocking vibrations. They are also shifted by change of support material to 1025 
and 1000 cm~', respectively, for KI. 

The intensity of the band at 1085 em! is greatly reduced using KBr and NaBr 
pellets while it disappears in KI. We have assigned this band to the asymmetrical 
stretching vibration of the group N—C—C—N. The band at 2062 cm-' behaves 
in the same way and it is possible that the latter is caused by a combination of 


the 1085 em~' vibration and a bending vibration of the N—C—C—N group. 
Another explanation as mentioned above is that the band is caused by vibration 


of the N—H - --- Cl group. 
We assign the band at 821 cm~! to the symmetric stretching vibration of the 


N—C—C—N group allowing for the normal displacement given with KBr (811 
em~') and KI (792 em~). 
It is not only the bands related to the N—H and C—N vibrations that are 
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modified by the support material but also the bands arising from CH, wagging 
and twisting vibrations. In fact all the bands observed show some changes to a 
greater or less extent. For example the strong bands at 1316 and 1351 em— in 
KBr and 1314 and 1361 cm~ in KI appear as a single weak band at about 1340 
em~ in KCl, NaCl and Nujol. This latter band also corresponds to a Raman line 
at the same frequency. 


Monomethylamine hydrochloride (CH,NH, ion) 


The shifts observed with the monomethylammonium ion also depend on the 
support material used. The large changes in the deformation vibrations for the 


NH, group are shown in Table 3. The bands appearing at 1587 and 1536 em-! 
38 g 


in KCI pellets (which we assign to the asymmetric and symmetric NH, deformation, 
respectively) are displaced in KBr to 1625 and 1499 and in KI to 1566 and 1486 
em~', respectively. In NaCl, the corresponding frequencies are 1579 and 1531 em—. 


Table 3. Infra-red frequencies of the methylammonium ion CH,NH, (em!) 


NaCl KC] K Br KI Assignment 


3185 3145 s 

— 3080 vs 3080 vs 3080 vs 3075 vs (vN—H) 
16 3045 vs,sh 3025 s,sh 3012 sh v, (v¥C—H) 


vs.sh 2975 s.sh 2950 8 Vy (vN—H) 


2925 m 29108 vy, (pC—H) 
4 2855 s,sh 2865 s,sh 2860 s,sh 2845 m 2y, 

2765s 2780 m 2725 w 2704 w Vg 
; 2525 w 2555 w 2535 vw 2485 vw Vo Vio 
247 

: 1902 w 1891 vw 1823 vw 2"19 

15798 1587 m 1625 m 1566 m vg (ONH) 


1531s 1536 m 1499 s vg (ON Hg) 
1486s 
1490 m 1486 m | 
(OCH. 
1464 m 1465 m 1467 m 1461 sh } "10 | 3) 


1424 w 1421 m vy (OCH) 

1404 m 1408 m 1402s 6(N—H----X) 
1261 w 1259 w 1254 m 1248 m (pCHg) 
1086 w 1080 w 1090 vw 1076 vw 

1029 w 1026 vw 


909 s 


lool 
990 


1002 m 990 m (vpC—N) 


956 
O37 923 s O15 Vie (pN H,) 
| 915 sh 


: 
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Similarly, combinations of these vibrations and the NH, rocking vibrations give 
bands at 2400-2800 cm~! which are also displaced because of the changes in the 
former. 

The band that we observed previously [6] in KBr at 1410 cm~ is also shown 
using pellets of KCl and KI but not NaCl. This band also appears in some pellets 
of dimethylamine and trimethylamine hydrochlorides and has been assigned to a 
CH, deformation vibration by Esswortn and SHerrarp [8]. However, it is 
possible that this band in the three methylamine hydrochlorides can also be 


attributed to a deformation vibration of the NH,, NH, and NH groups modified 
by hydrogen bonds. The band is not reported by WaLpRON [10] in his study of 
the infra-red spectrum of methylamine hydrochloride. , 
Considerable overlapping occurs in the region corresponding to N—H and 
C—H stretching vibrations. However, we can observe appreciable changes in 
frequency which decrease in magnitude from chloride to bromide to iodide. In 
the KBr and KI disks, a new band appears at approximately 3185 and 3145 em~'!, 


respectively. We assign this band to an N—H stretching vibration produced by 
the splitting of the doubly degenerate v, vibration. 


The band corresponding to the NH, rocking vibration also shows a considerable 
change of frequency (956 cem~! in NaCl compared with 915 em~! in KI) and it is 


split in KCI pellets. Similarly, the remaining bands show the expected frequency 
shifts 

In this compound, the differences in spectra observed using KCI and NaC! 
pellets are greater than those for the other amine hydrochlorides studied. This 
suggests that the influence of the electropositive ions Na and K is appreciable. 
The electrostatic field associated with the former is greater because of the smaller 
size of the ion. 


Dimethylamine hydrochloride [(CH,),.NH, ion] 


As seen with ethylenediamine dihydrochloride, the spectrum of this compound 
in NaC! pellets is similar to that obtained using KCl. Only a few small changes in 
the frequency of some bands are observed and, at the same time, a new weak band 
appears in NaCl at 988 cm~!. 


The band frequencies for the different alkali halide disks are shown in Table 4. 


In the region of the N—H and C—H stretching vibrations, where considerable 
overlapping occurs, frequency shifts are observed with the change of support 
material. Splitting of some bands is also seen especially in the case of KBr. 

As is the case with the other compounds, the region 2000-2700 em~! varies 
with the matrix and also compared with the spectrum in Nujol. 

Larger differences are shown in the spectra corresponding to the NH, defor- 
mation vibrations. The band at about 1620 cm~' in NaCl and KCl is displaced to 
1587 em~' in KBr and 1577 cm~' in KI. Some overlapping of water molecules 
absorbed on the support material makes precise measurements difficult in the 1620 


region 


D. Watpron, J. Chem. Phys 21, 734 (1953) 
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Table 4. Infra-red frequencies of the dimethylammonium ion (CH,),NH, (em) 


NaCl KCI] KBr KI (Assignment 


3165 sh 
3100 3100 sh 


3022 sh 


2095 vs 2975 vs 2985 
2930 vs 
2840 2840 2803 s 


2790 

2770 2764 

2500 2490 

2435 2410 

2119 2108 

1625 1620 

L587 L577 (ONH,) 


1471 1470 | 
1465 1466 (OCHS) 


1426 1417 (oNH,) 


Vine "1g 


1405 1402 "yg (OCH), 0(N—H 
1259 1250 Vog (pl 
234 230 (pCH,) 


25 
1020 s 1022 1O16 Vo, N) 
USS 

917 

S80 

S56 


S32 


The other important change in the spectra is the large intensity increase of the 
band at 867 em~'in KBr and 856 em~'in KI. This band is also strong in chloroform 
solution but in NaCl and KC! pellets it appears only as a shoulder of a band at 
890 em~!. With Nujol, the spectrum lies between these extremes. Previously | 6], 
because of better agreement with the Raman data where there is a polarized line 
at 895 cm~', we assigned the band of the higher frequency (890 cm~') to the sym- 


metrical C—N vibration and the other band (860 em~') to an NH, rocking vibration. 
However, the work of EsswortH and SHeprparp who studied the deuterated 
hydroiodide [8] shows that this assignment should be reversed. In both cases, the 
frequencies and the intensities of these vibrations are greatly influenced by the 
nature of the matrix. 

The band in the vicinity of 1420 cm~', assigned to the NH, wagging vibration 
[8], changes in frequency and intensity on varying the support material. However, 
these changes are even greater for the band at 1405 cm~'!, which has been assigned 
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to a CH, deformation vibration. As in the case of monomethylamine hydro- 
chloride, it is probable that this latter is also associated with a vibration of the 


type X). 

The bands ascribed to the rocking vibrations of the CH, groups are also in- 
fluenced by the nature of the alkali halide. The bands at 1237 and 1260 cm~! in 
Nujol show a much smaller relative intensity in NaCl and KCI than in KBr and KI. 
For these bands the behaviour in KBr and KL is similar to that shown in Nujol. 

Fig. 2 shows the differences observed in the spectra of dimethylamine hydro- 


chloride in KI and KCI. 


46 


| 


| 


Fig 4 Dimethy lamine hvdro« hlorick ia) in KI pre ssed disks, (b) in KCl pressed disks 


Trimethylamine hudrochloride ((CH,).NH ion | 


The spectrum of trimethylamine hydrochloride which contains only one NH 
group shows less dependence on the support material than those of the previous 
compounds (Table 5). The main changes observed are seen in the region 2400-2800 


em~' (where the bands are due to NH vibrations). Previously [6], we had pointed 
out the difference in spectra of this compound, due to solvent effects, when measured 
in chloroform and Nujol. With pressed disks, the bands are more affected by NaCl 
and KC! than by KBr and KI. The band centred on 2735 em~'! in Nujol (sometimes 


appearing as a split band at 2710 and 2662 cm~') is related to the N—H stretching 
vibration modified by hydrogen bonding. In KBr and KI disks, the position of the 
maximum is approximately the same as for Nujol. On the other hand, for NaC! 
and KC! the shape is different with maxima at 2682 and 2622 cm~!. In chloroform 
solution, three maxima are seen at the frequencies 2565, 2507 and 2437 em~'. 
The position of the maxima corresponding to these bands in NaCl and KC! depends 
largely on the operating conditions such as efficiency of grounding, temperature 
(if the mixture is heated to eliminate the absorbed water), etc. 
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Table 5. Infra-red frequencies of the trimethylammonium ion (CH,),NH (cm-') 


NaCl 


S010 


2075 vs 


2030 sh 


2862 s 


2685 vs 


2625 


s 


1249 


vw 
1062 w 


UST Vs 


KC! 


or 


2475 
2420 
2410 


2006 


1484 


1249 


1063 


vs 


KBr 


3115 sh 
3085 sh 
3055 sh 
s 

2055 vs 
2930 sh 


2862 s 


2740 vs 


1400 w 
389 vw 
1260 m 
1244 vw 
1160 vw 


1112 vw 
L057 w 


1023 vw 


USD vs 


S17 w 


812 sh 


1396 m V5. (00 H,), 
? 
( H,? 

1255 m Vag (pt H.) 

1241 w 

1156 vw ve (pCHg) 
(pt H,)? 

1051 w (pCHg) 

1020 vw 


KI Assignment 


3120 sh 
3085 sh 


S010 8 Vige "a4 
2055 vs vy (wt H) 
2930 sh 
Mis (ot H) 
2815 sh vy, (xC—H) 


2740 vs 


2610 
2582 vw 
2508 w | 
2460 m | 


2425 vw 


1676 vw 

1610 vw 2r, 
1474s 
1460 m 


1416 m v,. (ON—H) 


YS1 vs Vag N) 
953 vw 

940 vw 2r, 

857 vw Vo Vog 


834 


S10 


S02 sh 


The remaining bands of the spectra show some changes with different support 
materials as is shown in Table 5. 


The most important change is the appearance 
of a larger number of bands in KBr and KI pellets than in the other media, some 
of which are related to fundamental vibrations. The origin of the band with 
maximum at 1400 and 1396 cm~! in KBr and KI, respectively, is assumed to be 
the same as for the other methylamine hydrochlorides, i.e. largely due to a 


H X) vibration. 


f 
a 3010 s 
2975 vs 
2030 sh 
2625 vs | 
i 2525 m m 2520 w = 
2485 m m 2475 m 
2420 vw vw 2435 ww 
7 vw 2404 vw Vis Voo 
2124 w 2) 
hh 1625 vw 
16 1468 sh 1468 sh "17 (OCHS) 
1060 5 7 
4 
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Discussion 
Our results show that the changes observed in the spectra of the amine hydro- 
chlorides measured under different conditions depend principally on the presence 


of the polar groups NH,, NH, and NH in the molecules. 
In the first place, all the substances studied form strong hydrogen bonds of 


the type N—H----N and N—H----Cl. These hydrogen bonds are expected 
to be stronger in the case of trimethylaminehydrochloride because only one hydro- 


gen atom (NH group) takes part in the bonding with the anion. Because of this, 


the N—H stretching frequency in this molecule shows a larger shift compared 
with the corresponding amine than the monomethylamine- and dimethylamine- 
hydrochlorides. For example, in Nujol the frequency of trimethylammonium ion 


is 2735 em~! compared with 3070 and 2956 cm~! for the NH, group in the mono- 
methy lammonium ion. 

On the other hand, we would expect the ability of these substances to form 
hvdrogen bonding in solution to decrease in the order primary amine groups 
secondary tertiary. In other words, the strength of the hydrogen bonding with 
the solvent depends on the number of hydrogen atoms in the cation [11]. Equally, 
we would expect that alkyl substitution in the cation would hinder the formation 
of hydrogen bonds between the solute and the solvent because their size prevents 
a close approach of the solvent molecules to the positive charge |12]. In this way, 
the steric effect opposes the inductive effect (the Taft factors are 1-06, 0-98, 0-49, 


0, for the H,N.CH,.CH,.NH,, CH,NH,, (CH,),NH,, (CH,),NH ions, respectively 


131) 
With water as solvent the entropy of ionization gives us the strength of these 
hydrogen bonds [14 


H,N.CH,.CH,.NH, 

CH,NH, 
CH,).NH, 
(CH,),NH 


The greater the negative entropy change of ionization is, the weaker the hydro- 
gen bond formed. 

When the solvent is altered, we must also consider other factors such as the 
electron donor properties and the polarizability of the solvent group which form 
the hydrogen bond. 


TROTMAN-DickEenson, J. Chem. Soc, 1203 (1949 
Evans and 8. D. Hamann, Trans. Faraday Soc. 47, 34 (1951) 
rarr. J. Chem. Phys. 26, 93 (1957). 
P. Beit, The Proton in Chemistry. Cornell University Press, Ithaca, New York (1959 
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In solid solutions with alkali halides, we would anticipate similar interactions 
to cause changes in the infra-red spectra as hydrogen bonding causes large changes 
in the frequency and intensity of various chromophores, specially X—H, when 
: studied in different solvents [15,16]. These changes will be greatest for the 


ethylenediammonium ion which contains two NH, groups. 
In the case of alkali halide pellets physical adsorption occurs between the amine 
hydrochlorides and the large surface area of the polycrystalline halide matrices. 


The polar NH,, NH, and NH groups of the adsorbed molecules interact with the 
Cl-, Br~ and I anions causing a displacement of some infra-red frequency maxima 


and changes in absorption intensities. Besides interactions with the NH groups, 
the CH groups also show the effect of these interactions in most of the infra-red 
bands and are affected by the support material used. In the solutes studied, these 
{ hydrogen bond interactions decrease on changing the halide matrix in the order 
I Br Cl~ as is the case with solute-solvent interactions for compounds 
containing X—H groups [16]. In fact the spectra in NaCl and KCI pellets generally 
are little different from those observed in Nujol mulls. 
In this way, we are able to correlate the infra-red frequencies of the amine 
hydrochlorides with the nucleophilic constants of the halogen ions. These constants 
—_— are a measure of the ability of ions to donate electrons for hydrogen bonding. 
vise Swain and Scorr [17] have given the following values for these nucleophilic 
constants (H,O = 0) 


3°04 
Br 3°89 
| 


Most of the infra-red bands for the substances studied decrease in frequency 
as the nucleophilic constant of the halide ion increases. Figs. 3. 4 and 5 show the 
best examples of this relation. This effect is opposite to that observed by Farmer 
[2] for phenols and organic acids. He found that the largest changes occur using 
NaCl, KCl and KBr pellets while little variation was observed with KI. He 
proposes that the strength of the hydrogen bond between hydroxil groups and 
the halide ions decreases with increasing ion sizes, i.e. chloride. bromide. iodide. 

The other differences observed in the spectra studied must be attributed to 
the influence of the electric field created by the ions. This alters the charge 
distribution in the molecules which in turn will affect the bond force constants 


; and therefore the frequencies of their vibrations. The rate of change of dipole 
a moment with respect to normal co-ordinate, during the vibration, which deter- 
at mines the intensity of absorption, will also be affected by the field. Likewise the 
a me polarizing influence of the support material can alter the selection rules and 
eee forbidden infra-red bands appear in the spectra together with increase in the 
sELLAMY, Trans. Faraday Soc. 54, 1120 (1958). 
. CaLpow and H. W. THompson, Proc. Roy. Soc. (London) A 254, 1 (1960). 
a) a +, Swarn and C. B. Scortr, J. Am. Chem. Soc. 75, 141 (1953). 
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strength of some combination bands. As shown above these effects are considerable 
in some cases. KaraGounts and Peter [5] studying some organic compounds, 
ascribed observed changes principally to this type of interactions. In their case. 
the effects given are related especially to the electric field created by the positive 
ions, i.e. the silver ion. However, in the compounds and alkali halides that we 
have studied, the influence of the negative ions is greater except in the case of 
monomethylamine hydrochloride where there are appreciable differences in the 
spectra observed in NaCl and KCl pellets. On the other hand, Karacounts and 
PETER mention that in the case of m-xylene the decrease of CH frequencies of the 
CH, groups is influenced by the iodide ion in Agl. 

Mixed crystals do not appear to be formed in the substances we have studied. 
If this were the case, the changes in spectra would be related to the lattice energies 
of the alkali halide crystals [4]. The calculated values for these energies are | 18]: 


(keal mole) 


KI 150-8 
KBr 159-3 
KC] 165-4 
Nabi 174-6 
NaCl 183-1 


These values do not explain why the spectra observed in NaCl are normally 
similar to the spectra in KCl, while those in NaBr and KBr are similar to each other 
but different from the first pair when the lattice energy of KCl is between that of 
the two bromides. 

It is important to remember that in some cases intermolecular coupling could 
result in the appearance of new bands, as is seen sometimes in the infra-red absorp- 
tion of solid substances. 

Finally, the support materials do not appear to cause large changes in sym- 
metry in the compounds which we have studied. If this occurred, we would expect 
even larger changes in the observed absorptions. 


18) J. R. PARTINGTON, An Advanced Treatise on Physical hemistr / Vol. Longmans Crreen, London 
(1952). 
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Infra-red and Raman spectra of dimethyl and trimethyl silanes 
and some deuterated derivatives 


D. F. Batu.* P. L. Gocern.t D. C. McKean* 
and L. A. Woopwarp?t 


(Received 1 July 1960) 


Abstract—Infra-red and Raman spectra have been obtained for the compounds (CH,),SiH, 
(CH,).5iD, (CH,),.SiH, and (CH,),SiD,. Almost complete assignments have been made. 


There is considerable coupling between bending motions of the SiH and SiH, groups and other 
motions in the molecul 


THE vibrational spectra of substituted silanes have been discussed in a number of 
recent papers, several of which have revealed the existence of characteristic SiH ,, 
SiH, and SiH group frequencies involving either stretching or bending of the 
Si—H bonds |1, 2]. Amongst the methyl silanes, tetramethyl silane has been 
studied in detail by a number of investigators [3], and vibrational spectra have 
been obtained for trimethyl! silane [4, 5] and for dimethyl silane [5-7]. For the 
latter molecule assignments have been given which invoke characteristic SiH, 
bending frequencies. There is unpublished work on CH,SiH, and CH,SiD, in at 
least one laboratory [8], in addition to a published spectrum of the hydrogen 
compound [5]. 

In prospecting for molecules likely to be suitable for infra-red intensity studies, 
the infra-red spectra of mono-, di- and tri-methy] silanes and some of their deuter- 
ated derivatives were obtained recently at Aberdeen, and it became evident that 
the SiH bending frequencies were not characteristic and that assignments for these 
molecules were not always straightforward. Accordingly a joint study of the 
infra-red and Raman spectra of (CH,),SiH, (CH,),SiD, (CH,),SiH, and 
(CH,),SiD, has been made. This has resulted in a reinterpretation of their 
observed frequencies. 


Experimental 
Pre paration of compounds 


The compounds were prepared by reduction of the corresponding chlorine 
compounds using LiA]H, or LiAID,. 


* Department of Chemistry, Aberdeen University 

+ Inorganic Chemistry Laboratory, Oxford 

L. Spectrochim Acta 16, 87 (1960). 

R. A. V. Fasser and E. Conrap, Spectrochim. Acta 15, 651 (1959). 
For a recent analysis see I. F. Kova.ev, Optika 1 Spektroskopiya 6, 387 (1959) 

V. A. E. V. Kuxnarskaia and D. N. Anpreev, Izvest. Akad. Nauk. S.S.S.R., Otdel. 
Khim. Nauk 204 (1953) 

S. Kaye and 8. Tannensaum, J. Org. Chem. 18, 1750 (1953). 

H. Krrecsmann, Z. Elektrochem. 62, 1033 (1958) 

E. A. V. Esswortn, M. OnyszcuvuK and N. SHeprarp, J. Chem. Soc. 1453 (1958). 
M. Ranpic, Ph.D. Thesis, Cambridge University (1958). 
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Infra-red and Raman spectra of dimethyl and trimethy] silanes 


Infra-red spectra 


These were obtained between 3500 and 400 cm-! in the vapour state using a 
Hilger H 800 spectrometer equipped with NaCl and KBr prisms. Solid-state 
frequencies below 1300 cm-! were also obtained at about 100°K. Calibration 
frequencies included those for water and ammonia between 1500 and 700 em-! 
taken from the work of Downte et al. [9], the centre of the nitrous oxide band at 
2224 cm~', and the methyl alcohol frequencies between 630 and 400 em~! deter- 
mined by BorpDEN and BarKER [10]. With respect to these calibration frequencies 
the limits of error of our values are about +2 cm~! below 1300 em~! and about 
1 


5 above. 


Raman spectra 

The spectra of the liquids, maintained at about —30°C, were photographed 
with mereury 4358 A excitation, using a Toronto are source unit [11] coupled to a 
Hilger E 612 spectrograph. The sample volume was about 0-4 ml. Qualitative 
information about the states of polarization of the Raman lines was obtained by 
the method of polarized incident light. The frequency shifts were measured with 
reference to an iron-are spectrum as standard. The limits of error for well-defined 
lines are about +2 


Results 

The observed frequencies and other relevant descriptions of the spectra are 
shown in Tables 2 and 4. For (CH,),SiH, Kaye and Tannenpavm [5] have pub- 
lished an infra-red absorption curve, but no measured frequencies. Our Raman 
frequencies for this compound are in general accord with those of KoLEesova 
et al. [4], except that our plates (although agreeing for weaker features) show no 
sign of the line of medium strength at 600 cm! reported by the earlier workers. 
For (CH,),SiH, our infra-red spectrum resembles that of Essworrn ef al. [7]; 
however, some contours are better resolved by our spectrometer. The data of 
KRIEGSMANN [6] are evidently confused owing to the use of impure samples. The 
infra-red and Raman spectra of (CH,),SiD and (CH,),SiD, have been investigated 
for the first time in the present work. Information on the states of polarization of 
the Raman lines of all the compounds has also been obtained. 


Assignment for trimethyl silane (see Tables 1 and 2) 

If a suitable orientation of the three methyl groups is selected, the trimethy] 
silane molecule may be considered to belong to the point group C,,. The vibra- 
tions expected on this basis, their symmetry species and their spectroscopic 
activities are described in Table 1. 

The observed frequencies between 2970 and 2900 cm-! in both (CH,),SiH 
and (CH,),SiD have been assigned to the a, and e class C—H stretching vibrations. 
As has already been noted by Smiru [1] there is a considerable difference between 
the infra-red intensities of the symmetric and asymmetric modes; the latter, which 


9] A. R. Downtg, M. C. Macoon, T. Purcect and B. L. Crawrorp, J. Opt. Soc. Am. 48, 941 (1953). 
10| A. Borpven and E. F. Barker, J. Chem. Phys. 6, 553 (1938). 


(11) J. A. Rouire and L. A. Woopwarp, Trans. Faraday Soc. 50, 1030 (1954). 
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Table 1. Symmetry species, selection rules and nature of vibrations 
in trimethyl silane (C,,) 


Species 


Ty pn of mock 


H bn nd 


"12 
Infra-red selection rules Active Inactive Active 


Raman sclection iles Active Inactive Active 
polarized depolarized 


lie at higher frequency, are more intense. The infra-red bandse entred at 2123 
em”! in (CH,),SiH and 1548 em~'! in (CH,),SiD, and the corresponding Raman 
lines, are due to the characteristic Si—H and Si—D bond-stretching vibration 
} rhe frequency ratio 2123/1548 1-37 is close to 1-41, the value predicted for 
the a, class vibrations on the basis of the Teller-Redlich product rule. The group 
of frequencies at about 1430 em~' and 1260 em~' lie in regions normally associated 
with asymmetric and symmetric CH, deformations respectively, and have been 
accordingly assigned. There is in addition a band of medium intensity at 1330 
em~' in the infra-red spectra of both molecules: this may also be associated with a 
CH, deformation, but assignment to a combination such as r,, vz appears to 
he more prob ible 

The assignment of frequencies below 1000 em~'! is less straightforward. The 
strong polarization of the intense Raman lines at 624 cem~! in both molecules 
permits assignment to the symmetrical (—Si stretching vibration V5(4,) The 
strong depolarized Raman lines at 711 em~' and 703 em~! in (CH,),SiH and 
(CH,),SiD, respectively, are assigned to the asymmetric Si—C stretching vibration 
v,,(¢). This is in harmony with the assignment of the corresponding mode in other 


trimethy! silyl molecules [12, 13]. The low-lying Raman frequencies 252 and 216 


em~', which are virtually unaltered by isotopic substitution, have been assigned 
respectively to the skeletal deformations v,,(¢) and »,(a,): this is in agreement with 
their observed states of polarization 

The spectra of (CH,),SiD show a frequency at about 520 cm~! which is not 


12) A. L. Surrn, J. Chem. Phys. 23, 1997 (1953). 
13) H. Krrecsmann, Z. anorg. Chem. 294, 113 (1958 
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found for (CH,),SiH. This must therefore be associated with a vibration involving 
motion of the deuterium atom, and is assigned as the Si—D bending mode r,,(e). 
While the frequency range normally associated with the Si—H bending modes in 
trisubstituted silanes is 800-830 cm~! [2], the maximum value consistent with the 
above Si—D bending assignment is about ,/(2) » 520 = 735 em-':; and no band 
is found in this neighbourhood. However, inspection of the infra-red spectra 
reveals that the intensity of the band at 625 em~! is much greater in (CH,),SiH 
than in (CH,),SiD, indicating that there may be two overlapping bands at 625 
em‘ in the former molecule: these we suppose to be the symmetric Si—C stretch- 


ing vibration vr, and the Si—-H bending mode y,,. In the solid-state spectra these 


can apparently be distinguished, respectively, as the weak shoulder at 622 em=! 


and the strong peak at 616 em~'. Since the ratio 625/520 is only 1-2. whereas the 
value for the ¢-class according to the Teller-Redlich product rule is 1-38, this 
issignment implies that there is mechanical coupling between the Si—H bending 
and other motions in this symmetry class. Of the other modes of class ¢ the C-—Si 
stretching and CH, deformation frequencies appear to be virtually unaltered by 
isotopic substitution, and consequently one or both of the e¢-class rocking modes 
must shift in frequency 

The assignment of the CH, rocking modes follows from the consideration that 
the Teller-Redlich rule requirement for the a,-class is already practically satisfied 
by the ratio of the Si—H and Si—D stretching frequencies (see above), so that the 
CH, rocking mode (v,) of this class should be approximately the same for the two 
molecules. The Raman lines at 831 for (CH,),SiH and 835 for (CH,),SiD are 


assigned to »,. The first of these frequencies can also be found in the infra-red 


spectrum of solid (CH,),SiH. The intense infra-red bands centred at 907 em 
und 850 em~! in (CH,),SiH, and at 852 em~! and 792 em~! in (CH,),SiD, then 
naturally fall into the ¢-class as v,, and ry9. The calculated value for the ratio of 
the products of ¥j9, g9, 2, and r,, for the two molecules is 1-385, in good agreement 
with the value, 1-38, required by the Teller—-Redlich product rule. 

The remaining bands in the infra-red spectra have been assigned as combination 
frequencies or to small amounts of impurity present. 


Assignments for dimethyl silane (see Tables 3 and 4) 

The symmetry species of the vibrations and the infra-red band contours [7] 
are given in Table 3, which includes the selection rules. In Table 4 the infra-red 
frequencies for (CH,),SiH, above 1000 cm~?! are taken from the previously pub- 
lished work [7], but those below 1000 cm~! have been redetermined. 

rhe frequencies of (CH,),SiH, above 1000 em~' have already been assigned 
7|: the infra-red spectra of (CH,),SiD, in this region are essentially similar, 
except for the Si—D stretching modes. 

Below 1000 cm~', however, the additional information obtained in the present 
work from the deuterated molecule and from the Raman spectra shows that the 
previous assignment for (CH,),SiH, requires revision. The pattern of assignments 
is similar to that discussed above for the trimethy! compound, there being con- 
siderable mechanical coupling between the bending motions of the SiH, group and 
the CH, rocking modes. 
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Table 3. Symmetry species, selection rules and nature of vibrations 
in dimethyl silane (C,,) 


Ty pe of mode 


C—H str. (asym.) 

C—-H str. (sym.) 

Si—H str. (asym.) 

Si—H str. (sym.) 

CH, def. (asym.) 

CH, def. (svrn.) 

CH, rock SiH, bend * 
si—C (asym.) 
(Svm.) 

SiC bend 


CH, torsion Vig 

Infra-red selection rules Inactive 

Infra-red contour type 

Raman selection rules Active Active Active Active 


polarized depolarized depolarized depolarized 


* Motions of SiH, group: se scissors; tw twist; w wag: r rock. 


Very strong polarized Raman lines occur at 659 em~? in (CH,),SiH, and at 
636 em! in (CH,),SiD,, and are assigned to the symmetric Si—C stretching 
vibration y,(a,). In the infra-red there is no band at 636 em~! in the vapour-phase 
spectrum of the deuterated molecule, and only a very weak band in the solid-state 
spectrum. In (CH,),SiH,, however, the infra-red band apparently corresponding 
to the 659 cm~' Raman line is of medium strength in the gas phase, suggesting 
that there are two overlapping bands at about this frequency. The shape of the 
infra-red band, which is shown in Fig. 1, indicates that there are in fact two features 
present, an A-type band at 643 cm~! and what is probably a B-type band at 
659cem~'. In the solid-state spectrum these appear as two separate peaks, at 
655 and 636 cm, respectively. Strong depolarized Raman lines at 728 em~! 
in (CH,),SiH, and at 700 cm~' in (CH,),SiD, are assigned as the asymmetric 
Si—C stretching vibrations v,,(b,). This is confirmed by the A-type contour of 
the infra-red band at 730 cm~! in (CH,),SiH,: the absorption near 700 em~! in 
(CH,),SiD, apparently comprises two bands, one of which has an A-type contour. 
The Si—C bending vibration », in (CH,),SiH, is characterized by its position and 
intensity in the Raman spectrum as the line at 223 em~!: the frequency is practi- 
cally unaffected by deuteration. 

The intense infra-red frequency of (CH,),SiD, at 558 em~! may be confidently 
assigned to v,,, the 6, wagging mode. It has an A-type contour, it corresponds to a 
depolarized Raman line, and it is absent from the spectra of the hydrogen com- 
pound. The corresponding vibration in (CH,),SiH, is clearly the cause of the 
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Infra-red and Raman spectra of dimethyl and trime thyl silanes 


Fig. 1. 650 em 


infra-red band of dimethyl silane. 


A-type infra-red band at 643 em~'. The ratio 643/558 implies mechanical coupling 
with other frequencies in the 6,-class. There are three infra-red-active CH, 
rocking vibrations in the dimethyl silane molecule, and it is to be expected that 
these will have contours of type B, A and C corresponding to the symmetry classes 
a,, b, and b,, respectively. For (CH,),SiD, a band with unmistakable A-type 
contour is observed with its Q-branch at 810 em~!, and this may consequently 
be assigned to v,9(,). The corresponding band for (CH,),SiH, with an A-type 
contour is found at 919cem~!. The calculated ratio of the products of v9, 129 
and yv,, for the two molecules is 1-37, in agreement with the value 1-37 required 
by the Teller-Redlich product rule. 

The remaining vibrations y, and y, in the a, symmetry class for (CH,),SiH, 
can be assigned, respectively, to 963 cm~! (infra-red contour type B) and 838 
em‘ (contour type B; polarized Raman line), while the corresponding modes for 
(CH,),SiD, probably lie at 839 em! (probably B-type contour; polarized Raman 
line) and 711 em~ (polarized Raman line). The calculated value of the », » ¥, 
vz * ¥, product ratio for the two molecules is then 1-92, which compares favourably 
with the Teller—-Redlich value 1-97 for the complete class. 

Vibrations of class a, are active only in the Raman effect. The Raman lines 
at 591 and 472 cm~! in the two molecules, respectively, have no counterparts in 
the infra-red and can be confidently assigned to v,5. In (CH,),SiH, there is a very 
weak Raman line at 802 cm~!, for which the infra-red spectrum shows no corre- 
sponding band. This may arise from v,,. The analogous vibration frequency 
for (CH;),SiD, is not observed: on the basis of the product rule it would be expec- 
ted to lie at about 740 em~!. 

The 6,-class vibrations below 1000 are indicated unmistakably in 
(CH,),SiH, by the C-type contours of the infra-red bands centred at 867 and 467 


em~'. These are clearly due to v,, and v4,. Corresponding depolarized lines also occur 
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in the Raman spectrum, and comparison with the spectrum of (CH,),SiD, shows 
that v., lies at 389 em~! for the latter molecule. From the product rule it may be 
predicted that v,, of (CH,),SiD, lies between 800 and 820 cm~'. In the gas-phase 
infra-red spectrum a band at this position would be overlapped by two others due 
to vg and r,,. In the solid-state spectrum there are three major peaks at 843, 820 
and 808 em~!, respectively, with a fourth minor peak at 834 cm~!. There is little 
evidence for the occurrence of appreciable frequency shifting in this region on 
change of phase, and a comparison of the frequencies found for the gas and solid 
therefore suggests that the peak in the solid-state spectrum at 820 em~! should be 


ascribed to 


Table 5. Some infra-red absorption bands and assignments 
in CH,SiH, and CH,SiD, 


CH,SiH, CH,SiD, 


Type of mode Type of mode 


ay 


2169 Si—D str. 
1266 CH, def. 
943 SiD, def 
Tol Si—C str. 
( H, rock 
SiDg, ro k 


Discussion 

The above analysis leads to the conclusion that no characteristic Si—H bending 
modes occur in dimethyl! and trimethyl silanes. It appears that coupling occurs in 
the first place with methyl rocking and to a lesser extent with skeletal Si—C 
stretching, although this requires confirmation by means of a normal-co-ordinate 
treatment. Ranpic [8] has already shown that there is considerable coupling 
between CH, and SiH, rocking in methy! silane, and this is apparent from our 
observed frequencies for CH,SiH, and CH,SiD, given in Table 5. 

The spectra of the corresponding carbon compounds, propane (CH,),CH, [14] 
and isobutane (CH,),CH [15] and their deuterated derivatives reveal similar 
coupling effects, the extent to which skeletal stretching is involved being apparently 
greater here than in the silicon analogues. This is presumably due to the higher 
natural vibration frequency of the C—C bond. Coupling between SiH, and SiD, 
rocking modes and Si—N stretching certainly occurs in methyl! disilylamine and 
tetrasily! hydrazine [16]. In some respects, therefore, the generalization of SMirH 
[1] concerning characteristic vibration frequencies in organo-silicon compounds 
must be regarded as having only limited applicability. In contrast to the Si—H 
14 . L. McMurry and V. THornron, J. Chem. Phys. 19, 1014 (1957) 


15) J. C. Evans and H. J. Bernsrery, Can. J. Chem. 34, 1037 (1956) 
16| B. J. Ayuerr, J. R. Hare, D. C. McKean, R. Tayior and L. A. Woopwarp, Spectrochim. Acta 


16, 747 (1960) 
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bending modes, however, the constancy of the CH, deformation frequencies in this 
series of molecules is remarkable. 

In the solid-state infra-red spectra of both (CH,),SiH, and (CH,),SiD, two 
peaks are observed near 1250 cm~! with relative intensities of about 2: 1 in both 
cases. This agrees well with the ratio calculated for the a,- and b,-class CH, sym- 
metric deformation modes assuming tetrahedral angles and vectorial addition of 


the dipole changes in each methyl group. It appears therefore that the methyl 


groups are both mechanically and electrically decoupled from one another. How- 
ever, the very small shifts on isotopic substitution in trimethyl! silane near 1250 
em! indicate a slight coupling of the methyl deformations to either Si—D stretch- 
ing or Si—H bending. 
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Infrared absorption studies of inorganic co-ordination 
complexes—XXIV* 


Unsaturated amino acids and halogen substituted allylglycines and their 
nickel-II, copper-II and zinc-II complexes 


V. Moreno, Kart Dirrmert and J. V. QuaGLiaANo 


Department of Chemistry, The Florida State University, Tallahassee, Florida 
( Rece ved 24 June 


Abstract — Infrared ctra of 2-amino-4-pentenoic acid (allylglycine), 2-amino-4-methy]-4- 
acid Vilallviglycine), 2-amino-4-chloro-4 pentenoic ar id 

and 2-amino-4-bromo-4-pentenoic acid ()-bromoallylglycine), their nickel-I1, and 
zin omplexes, and their sodium salts and hydrochlorides were measured in the 2-15 ” 
amino acids in the solid state are present as zwitterions and the anions of these 


act as mononegative bidentate ligands forming five-membered chelate rings with 

Essentially covalent nitrogen-to-metal bonds aré present in all the metal complexes. 
ance structure of the carboxylate ion is essentially maintained in the metal co- 
} compounds and the bond bet ween t he central metal ion of the complex and the 


group is essentially ionic. All significant infrared absorption bands have been 


Introduction 


Work on the preparation and infrared absorption spectra of metal complexes of 


natural amino acids has been reported [1-3]. The present paper deals with metal 
complexes of some amino acid analogs prepared in this laboratory. The preparation 
and some physiological properties of these amino acids have been described 
t-8]. Infrared absorption investigations on the metal complexes of glycine, 
alanine, and g-aminobutyrice acid [1—3, 9, 10] have shown that essentially covalent 
metal-to-nitrogen bonds are present in these chelate co-ordination compounds. 
The resonance structure of the carboxylate ion is essentially maintained in the 
metal complexes, and it was concluded that the oxvgen-to-metal bonds in these 
complexes are essentially electrostatic. The present investigation was undertaken 
to provide molecular properties which may contribute to the understanding of the 
biological specificity of related amino acids including amino acid antagonists 
(11, 12). 


* Paper XXIII in series, Spectrochim, Acta 16, 540 (1960 
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Experimental 
Preparation of compounds 
Sodium allylglycinate, CH,—CH—CH,—CH(NH,)COONa, was prepared by a 
variation of the method of Wretzman and Haskevserc [13] for amino acids. To 
a 3°, solution of sodium ethoxide (0-06 g, 0-0026 mole of sodium) was added 0-2 ¢ 


(0-0174 mole) of dried, powdered allylglycine, CH,—CH—CH,—CH(NH,)COO-. 
The amino acid dissolved almost completely in the sodium ethoxide solution. 
After the mixture was kept in a closed flask for 24 hr, the solution was filtered and 
distilled to dryness under vacuum. The sodium salt was collected, then washed 
with anhydrous ethanol and ether. The very hygroscopic product was dried over 
phosphoric anhydride under vacuum. The same procedure was used for the 
preparation of the sodium salts of y-methylallylglycine, CH,—C(CH,)CH,—CH- 
(NH,)COONa, y-chloroallylglycine, CH,—C(CI)CH,—CH(NH,)COONa and »- 
bromoally!glycine, CH,=C(Br)CH,—CH(NH,)COONa. 

The hydrochloride of allylglycine, CH,—CH—CH,—CH(NH, Cl-)COOH was 
prepared by dissolving 0-1 g (0-00087 mole) of the amino acid in the equivalent 
amount of 10°, hydrochloric acid. The solution was kept several hours at room 
temperature and the hydrochloride was obtained by evaporation to dryness under 
vacuum. It was washed with ether and then dried over phosphoric anhydride 
under vacuum. The same procedure was used for the preparation of the hydro- 
chlorides of y-methylallylglycine, y-chloroallylglycine and y-bromoallylglycine. 

Bis-(allylglycino)-copper-II, was_ pre- 
pared by a modification of the method of ABDERHALDEN and ScHNITZLER [14]. 
Copper-Il hydroxide was prepared by adding a solution of 0-348 g (0-0087 mole) 
of sodium hydroxide in 5 ml of water to a solution of 1-086 ¢ (0-00435 mole) of 
copper-II sulphate pentahydrate in 43 ml of water. The blue precipitate was 
filtered and then washed with water. It was immediately heated for 1 hr at 70°C 
with 1 g of allylglycine (0-0087 mole) in 13 ml of water. The hot solution was 
iltered and blue crystals separated from the filtrate on cooling. The crystals 
were filtered, washed with boiling ethanol and dried over sulphuric acid under 
vacuum. 

The same procedure was used for the preparation of: bis-(y-methylallylglycino)- 
copper-II, bis-(y-chloroallylglycino)- 
copper-II, bis-(y-bromoallylglycino)- 
copper-II, 

Anal. Caled. for Cu{CH,—CH—CH,—CH(NH.,)- 
COO}),: C, 41-16; H, 5-53; Cu, 21-78. Found: C, 41-29; H, 5-72; Cu, 21-37. 

Anal. Caled. for Cu{CH,—C(CH,)CH,—CH- 
(NH,)COO},: C, 45-06; H, 6-30; Cu, 19-87. Found: C, 45-24; H, 6-17; Cu, 20-26. 

Anal. Caled. for 
(NH,)COO},: C, 33-30; H, 3-91; Cu, 17-62. Found: C, 32-90; H, 4-04; Cu, 17-26. 

Anal. Caled. for Cu[CH,—C(Br)CH,—CH- 
(NH,)COO},: C, 26-71; H, 3-14; Cu, 14-13. Found: C, 26-94; H, 3-41; Cu, 14-03. 


| M. Weitzman and L. Hasketperc, Bull. soc. chim. France, 4, 51, 66 (1932). 
| E, ABDERHALDEN and E, Scunirzier, Z. physiol. chem., Hoppe-Seyler’s 16, 94 (1927). 
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was prepared 
by a modification of the method of Srosick [15] for the preparation of bis-(glycino)- 
nickel-Il dihydrate. A solution of 0-6 g of allylglycine (0-00522 mole) in 12 ml of 
water was heated at 70°C and stirred with 0-31 ¢ (0-00261 mole) of nickel-II 
carbonate. Heating and stirring were continued for 1 hr after the evolution of CO, 
had ceased. An additional 24 ml of water was then added and the mixture was 
heated for a few minutes at 100°C. The hot solution was filtered immediately and 
then distilled under reduced pressure to about one-sixth of the original volume. 
The pale blue crystals that formed on cooling were collected and then dried over 
sulphuric acid under vacuum 

lhe procedure was slightly modified for the preparation of bis-(y-methylallyl- 
giveino)-nickel-IL monohydrate, 
COO),-2H,0 and monohydrate, Ni{CH,—C(Br)- 
CH,—CH(NH,)COO),-H,O. Owing to the slight solubility in water of these 
compounds, they were not recrystallized from water. 

Nickel-I] carbonate was added portionwise to a hot water solution of the amino 
acid. A 10 per cent molar excess of the amino acid was used to ensure complete 
reaction of all the nickel-I] carbonate. The precipitated light blue complex which 
tormed after a few minutes of stirring and heating at 70°C was collected, washed with 
hot water, ethanol, and then dried over calcium chloride overnight. The hydrated 
compounds were dehydrated under vacuum at 110°C in an Abderhalden apparatus. 
When dehydrated in this way, the nickel-I] complexes turned from light blue to 
pale green. The dehydrated complexes picked up water readily when put in an 
atmosphere saturated with water, turning to the original light blue color. 

Bis-(allylgqlycino)-nickel-I1. Anal. Caled. for Ni CH,—CH CH, CH(NH,)- 
COO): ©, 41-85 H, 5-62; Ni, 20-46. Found: C, 41-41; H. 5-50: Ni, 20-67. 

Bis (5 methylallylalycino) nickel Il. Anal. Caled. for the anhydrous compound, 
Nif C, 45-75; H, 640; Ni, 18-64. Found: 
C, 44-08; H, 6-26; Ni, 19-11. 

Bis-(y-chloroallylglycino)-nickel-I1. Anal. Caled. for the anhydrous compound, 
Ni[(CH,=C(CI)CH,—CH(NH,)COO)},: C, 33-74; H, 3-97; Ni, 16-50. Found: C 
33-57; H, 4-08; Ni, 16-69, 

Bis-(y bromoallylglycino)-nickel-11. Anal. Caled. for the anhydrous compound, 
Ni[{CH,-C( Br)CH,—CH(NH,)COO)}),: C, 27-00; H, 3-17; Ni, 13-20. Found: C, 
27-20; H, 3-38; Ni, 13-40. 

Bis-(allylglyeino)-zine-I, was prepared 


in anhydrous medium, since attempts to prepare this zine-II complex in water 


solution failed. To 2-1 ml of a 3°, solution of sodium in absolute methanol was 
added 0-250 g (0-00217 mole) of allylglycine, well powdered and dried over phos- 
phoriec anhydride. To this solution, 0-286 g (0-00108 mole) of anhydrous zinc-II 
perchlorate dissolved in 3 ml of anhydrous methanol was added dropwise and with 
constant stirring. The white precipitate which formed immediately was filtered 
after standing 2hr at room temperature. It was well washed with absolute 


A. J. Srosick, J. Am. Chem. Soc. 67, 362, 365 (1945). 
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anhydrous methanol, acetone and anhydrous ether and then dried over phosphoric 
anhydride under vacuum. 

The same procedure was used for the preparation of bis-(y-methylallylglycino)- 
zine-Il, Zn{CH,—C(CH,)CH,—CH(NH,),COO},, and bis-(y-bromoallylglycino)- 
zine-II, Zn{CH, 

C(Cl) CH, ~-CH(NH,)COO},,. was 
prepared by the method of Dussky and Ragas [16]. To 1g (0-0067 mole) of 
y-chloroallylglycine, dissolved in 50 ml of water, 0-406 g¢ (0-00502 mole) of zine 
oxide was added. The mixture was heated at 45°C and stirred for a period of 20 hr. 
The solution was filtered to eliminate the excess zinc oxide and the filtrate was 
then distilled under vacuum. White crystals formed; they were collected, washed 
with boiling aleohol and dried over sulphuric acid in vacuum. 

Bis-(allylglycino)-zine-I1. Anal. Caled. for Zn{CH,—CH—CH,—CH(NH,)- 
COO}),: C, 40-90; H, 5-49; Zn, 22-26. Found: C, 40-80; H, 5-50; Zn, 23-36. 

Anal. Caled. for Zn{CH,—C(CH,)CH,—CH- 
(NH,)COO},: C, 44-80; H, 6-27; Zn, 20°32. Found: C, 42-38; H, 5-76; Zn, 
20-20. Repeated preparations and analyses of this complex failed to give better 
agreement between the calculated and found percentages of C and H although the 
infrared spectra of all samples were identical and indicated the absence of im- 
purities, 

Bis-(y-chloroallylglycino)-zine-I1. Anal. Caled. for 
(NH,)COO},: C, 33-13; H, 3-89; Zn, 18-03. Found: C, 32-78; H, 4-09; Zn, 18-21. 

Bis-(y-bromoallylglycino)-zine-I1. Anal. Caled. for Zn{CH,—C(Br)CH,—CH- 
(NH,)COO},: C, 26-61; H, 3-13; Zn, 14-48. Found: C, 26-26; H, 2-92; Zn, 13-36. 

Deuteration of bis-(allylglycino)-copper-LI, bis- 
(y-methylallylglycino)-copper-II and bis-(y-chloroallylglycino)-nickel-II was carried 


out by placing the metal complex with 99-5°, D,O in a sealed tube and heating at 


80°C for 48 hr. The deuterated complexes were obtained by evaporating the D,O 


im vacuo over phosphoric anhydride. 


Absorption measurements 

The infrared spectra were obtained by means of a Perkin-Elmer infrared 
spectrophotometer model 221 using a sodium chloride prism. The potassium 
bromide disk technique was used [17]. 


Results 
Tables 1—4 list the infrared absorption frequencies of allylglycine, y-methyl- 
allylglycine, y-chloroallylglycine, y-bromoallylglycine, the sodium salts, the 
hydrochlorides, and the Ni, Cu! and Zn" co-ordination compounds. The infrared 
spectra of allyiglycine, allylglycine hydrochloride, sodium allylglycinate, bis- 
(allylglycino)-copper-II, bis-(allylglycino)-nickel-I], bis-(allylglycino)-zine-II, 
dihydrate, anhydrous bis-(y-chloroallylglycino)- 
nickel-II, bis-(y-methylallylglycino)-copper-II and deuterated bis-(y-methylally|- 
glycino)-copper-II are shown in Fig. 1—5. 
[16] J. V. Dussxy and A. Rasas, Publs, fak. Sci, Univ. Masaryk. No. 123, 3 (1930); Chem. Abstr., 25 


2655 (1931). 
[17] M, M. Stimson and M. J. O’Donne tt, J. Am. Chem. Soc. 74, 1805 (1952). 
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Table 1. Observed infrared frequencies of allylglycine, the sodium salt, 
the hydrochloride, the Cu" and Zn", complexes 


Na Salt Nill Zn! Assignment 
‘ 


3367m 3333s 3289m 3300m NH, anti str 
3300m 3257Vvs 322ts 3247 NH, anti str 
3125sh 31 
3077sh 
3066sh 3077sh NH, str 
2041s 2050vs 2067sh 207 6w 2924m) CH str 
1736vs C=O str 
1637m 1631s 1620sh 1634sh str 
157 5m NH,°* deg def 
1563sh NH, bend 
L60S8vs 1603vs anti str 
1493s NH, sym def 
1471m 
1412m OH in-plane def mixed with 
str 


1439m 1443m an CH, bend 


l4l4s 1380s 3S. OCO™~ sym str 
1300s 
1370m 
1351m 1333m 1344m 35 CH, wag 
1330m 1318s 1325m 2 CH bend 
NH, twist (?) 


1267 w 1276m 12803 27 CH in-plane def 
1230w 1242w 202 CH, twist or skeletal str 
119S8m 1202w 
1206vs ‘—O str mixed with OH 
in-plane def 
rock 
skeletal str 
1130s 1135s) NH, wag 
L093vs Ll l4s) 
Ow L078m CH, rock 
LO76w CH, rock, NH,* rock 
LO46m 
9935s 1000sh CH out-of-plane def in 
988m 991s | H,C—CH 
OOTw 
934m 
132s 
ST 6w S74w skeletal str 
NH, wag 
OH out-of plane def 
SHOW 805w 784m NH, rock (slightly coupled 
with CH, rock) 
773sh CH, rock (slightly coupled 
765m with NH, rock) 
CH, rock 
742m 


730s OCO~ bend or OCO~ wag 


CH, wag 


strong; strong; m medium; w weak; sh shoulder. 
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1439m 1435sh 14450 
1350s 1350m 

1332s 1332s 
1305m 
1252 1252w ] 
19 

11560 1156w 

9231 921m 
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Table 2 


» 


XXIV 


. Observed infrared frequencies of y-methylallylglycine, the sodium 


salt, the hydrochloride, the Ni", Cu" and complexes (em™~?) 


Methyl 
allyl- 


giveine 


3067sh 


291 5m 
2 155w 


1623sh 


L582vs 


L513vs 


1441m 


1416s 
1380sh 


1205m 


1149w 


917m 
SUbs 
SOSm 


775m 
679m 


Na salt 


3333m 


3077m 


29015m 
2545w 


2174w 


1621sh 


1603sh 
1572s 
L558sh 
1513s 


1481s 
1450s 
1410s 
1377sh 


1339m 
131 tin 
1300m 


1149m 


LO52w 


918m 
SUSS 
S27m 


769m 


Hydro- 


chlor ide 


3077sh 


1567m 


1490s 
1443m 
1433m 


L370w 


SU3m 
S53w 


Tilw 


Ni 
hydrate 


3311s 


3077m 
208 5m 


2041 sh 


1623vs 


1L563sh 


1447m 


1404s 
1385sh 


1342m 


1202m 


Litim 


1027 w 
996m 


anhydrate 


3356s 
3289m 


3086sh 
2976m 
2933m 


1639sh 


L5S87vs 


1563sh 
1439sh 


1406s 
L385sh 


1094m 


SSUs 


787m 
763w 


730w 


Cull 


3268sh 


3226s 


3289m 
3236m 


3125sh 
3077sh 


3125m 


20 15m 2015m 


1629sh 1620sh 


L600vs 


1610vs 


1441m 1437sh 
1422s 


1383s 1381s 


1351m 


1325s 


1294w 


LOS87sh 


LO87sh 


990m) 


915s 
SU3s 
S47 w 


S4iw 


793m 
763m 


764m) 


753m) 


743m 


735w d 
699w 


Assignment 


NH, anti str 
NH, sym str 
str 


CH str 


+ 4) str 
( str 
NH,* deg def 
anti str 
NH, bend 


NH, svm def 

CH, deg def, CH, 
bend 

sym str 

CH, sym str 

CH, sym def, OH 
in plane def mixed 
with C—O str 

CH, wag 

CH bend 

NH, twist (7) 


skeletal str or CH 
rock 

NH,* rock 

NH, wag 

skeletal str or CH 
rock 
CH, rock 
CH, rock, 
rock 

skeletal str or CH 
rock 


NH,* 


3 


Co-ordinated 


» wag 

skeletal str 

NH, wag 

OH out-of plane def 

CH, rock coupled 
with NH, rock 

CH, rock 

OCO-~ bend or OCO 


wag 


‘ 
: 
3356s 
| 
259Ish 
2532sh 
1730s 
L570sh 
: 
16 1348w 135lm 1325m 
1060 1316s 1325w 132tm 1282w 
1270w 
4 1200s 
1127m 
— 
005s 
Way 
CH, rock 
as 
835w 
722 
| 
we 
1373 
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Table 3. Observed infrared frequencies of »-chloroallylglycine, the sodium 
salt, the hydrochloride, the Ni", Cu" and Zn™ complexes (em™) 


Chloro 
Na salt pre tery hydrate Cull Zn Assignment 
3333m 3333s 3333m 3280sh 3333m NH, anti str 
3270 3280sh 3268m 3236m 3257m NH, sym str 
3077 3135sh 3135m 
3077sh 307 7sh str 
3030sh 302 Ish 302 Ish 
2041m 2007 w 2050s 2024sh 20070 20240 20410 CH str 
2538w 267 4sh 
24350w 
215lw 2 
1745s () atr 
1623s 1623s 1618m lé2lvs lé2lvs 1629sh 1626sh Coax ate 
1605sh 5m deg def 
LISTvs 1585s LiSTvs l613vs anti str 
1 1565sh 580s NH, bend 
1502s svm def 
1460. 
1433: 1435sh 14270 1435n 1420s) 143tm 1427s ( H, bend 
L408 OH in plane def, 
mixed with ¢ 0 
l4lts l422s 1401s 1410s 1380s 1389m sym str str 
1366sh 
1350m 135k 1340m 1325m 1326m CH, wag 
1314s 1325n 127 1m 1276w 1274wy CH bend 
1235w! 
NH, twist 
1274w 
1258w 1255w 
1215w 
1200sh str mixed with 
OH in-plan def 
1105w 1195w CH, twist or 
1175m 1176s skeletal str 
1172m rock 
1143m Li2Im 
LOUSw skeletal sti 
1027m CH, rock 
Lilim 1073 CH, rock, NH, 
rock 
1134m 1126s 1131s NH, wag, 
1104s 1093s! 1109s skeletal str, 
1 1063s 1075m 1O85sh LOS87sh CH, rock 
976m 1005m 95m skeletal str 
906s co-ordinated H,O 
wag (7) 
905sh 917sh 
891m SS4s 900s S94sh SS9m 890m SU6s CH, wag 
853m S50m S76m 837m skeletal sti 
NH, wag 
Slém OH out-of-plane def 
775m 791m 758m CH, rock 
787m 
785m CH, rock coupled 
192s 802m ‘oom 773m with NH, 
Tl4w : 735w 743w OCO~ bend or OCO- 
693m 699w wag 
648m 637m 637m 636m 637w 637w 637m C—Cl str 
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Table 4. Observed infrared frequencies of »-bromoallylglycine, the sodium 
salt, the hydrochloride, the Ni®™, Cu™ and Zn™ complexes (em™~?) 


7 Bromo- 


allyl- Na salt Hydro- Nit Nin Cull Zn! Assignment 
chloride hydrate anhydrate 
glycine 
3333sh 3333s 33338 3300sh 3300sh NH, anti str 
3289m 3280sh 3236m 3236m 3257m y NH, sym str 
3195sh 3135sh 3135sh) 
3077sh 3077sh NH,>* str 
3030sh 
2985sh 2924m 2985sh 2094sh 291 5w 2024w 2941m CH str 
2041vs 2882w 
290078 
2674sh 
21l4w 1949w 
1754vs C—O str 
1621vs 161l6sh 1621m 1618vs 1616sh 1631sh 1623sh C—C str 
1603sh L575m NH,* deg def 
L585vs 1586vs 1592sh 1592vs 1618vs 1609vs anti str 
1563sh L558sh 1558sh L575sh Li77sh NH, bend 
1541s 
1504m 1515s NH, sym def 
1462m 
1425m 1425sh 1420m 1429sh 1435sh 1429sh 1410s CH, bend 
1403m OH in-plane def, 
mixed with C—O 
1395s 1410s 1399s 1410m 1383m 138Ish OCO~ sym def [str 
1359m 1344sh 1350m 1337m 1321m 1328m CH, wag 
1333m 1305m 1330m 1269w 1264m 1274w 1277m CH bend 
1267 w 1279w 
1248w 1242w 
1183m L179m L1l76w 1192m CH, twist or skel str 
L1OS8sh C—O str mixed with 
OH in-plane def 
1182m 1170s NH, rock 
Ll67w skeletal str 
{1 109sh (1120m (lll7sh 
1093m (1071m (1067sh (1105s NH, wag, skel str, 
1058 CH, rock 
1140m lll7w 1124m skeletal str 
LOStw 1070m 107 1m CH, rock, NH, 
roc k 
1013m 
994 985m 1002m 993m 1L005w skeletal str 
O34w 
911s co-ordinated H,O 
wag (7) 
916s 890m 917m 893m 894i 897m CH, wag 
SS6m 
847m 855m 875m S66sh 855m skeletal str 
830w OH out-of-plane def 
S27m NH, wag 
788m 795m S05w 773m CH, rock coupled 
782w with NH, rock 
782m Tiiw 735m CH, rock 
725m 720m T74lw 740w OCO~- bend or wag 
684m 
699w 71l5w 


1375 


7 
7 
16 
19060 
RG 
; 


V. Moreno, Kart Dirrmer and J. V. QUAGLIANO 


Wave Numbers in cm ~' 
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Allylglycine hydrochloride, CH, CH—CH, CH(NH, Cl-) COOH, 
.... allylglycine, COO~. 


Wave Numbers in cm 
4000 3000 2500 2000 1500 1300 1200 100 §=6=1000 950 900 850 __800 750 700 


100 


T 


@ 


n 


° 
a 


8 9 10 12 13 14 
Wove Length in Microns 


Sodium allylglycinate, CH,—-CH—CH, —CH(NH,) COONa, 
. bis-(allylglycino)-copper-II, 


Wove Numbers in cm ~ 
4000 3000 2500 2000 1300 1200 1100 1000 950 900 850 800 750 700 


100 


8 $ 


Percent Tranemission 


3 


Wove Length in Microns 
Fig. 3. — Bis-(allylglycino)-nickel-II, Ni{CH,—-CH—CH,—CH(NH,)COO},, 
.... bis-(allylglyeino)-zine-II, 


1376 


“ 
| 
20 
iS 
650 
+ \ V\ 
7 
19 
_ 
| 
= 
2 3 5 6 7 
= 
a 2 5 


Infrared absorption studies of inorganic co-ordination complexes—X XIV 


Wove Numbers in cm ~' 
4000 3000 2500 2000 1500 1300 1200 1100 1000 950 900 850 800 750 700 


Percent Transmission 


8 9 
Wove Length in Microns 


Fig. 4. dihydrate, 
.... bis-(y-chloroallylglycino)-nickel-IT, 
anhydrous, Ni{CH, C(CHCH, CH(NH,)COO},. 
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Fig. 5. Bis (y-methylallylglycino)-copper-II, Cu[CH,—C(CH,)CH, CH(NH,)COO}, 
.... bis-(y-methylallylglycino)-copper-II, deuterated, Cuf{CH, C(CH,)CH,—CH(ND,)COO|,. 


Discussion 

General 

Inspection of the infrared spectra of these amino acids, their sodium salts and 
their hydrochlorides, reveals that in the solid state these amino acids, similar to 
other amino acids reported [1-3, 18] are present as zwitterions. In the spectra of 
all these amino acids, the presence of NH; stretching and deformation frequencies 
and the absence of NH, stretching and deformation frequencies together with the 
presence of antisymmetric and symmetric OCO~ stretching frequencies and the 
absence of C—O and OH stretching frequencies indicate that these compounds are 
present as zwitterions. In the spectra of the sodium salts, the NH, stretching and 
deformation frequencies, and the OCO~ antisymmetric and symmetric stretching 
frequencies are present. In the hydrochlorides, the C—O stretching frequency and 


[18] M. Tsusor, T. Ontsn1, T. Nakacawa, T. Sarmanovucui and 8. Mizusuima, Spectrochim. Acta 12, 253 
(1958). 
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the NH, and OH stretching and deformation frequencies are present. In the 
metal complexes, similar to the sodium salts, the NH, and OCO™~ frequencies are 


present, rather small shifts being observed in the position of the bands as compared 


with the sodium salts. The absorption in the 1600 cm~' region of the metal complexes 
suggests that the carboxylate ion resonance is preserved, and that the bond between 
the central metal ion and the ligand is essentially ionic. In the spectra of all these 
metal co-ordination compounds the antisymmetric OCO~ stretching frequency 
increases relative to that of the ionic sodium salt in the order: Cu" Zn! Nit, 
It is suggested that the higher OCO™~ antisymmetric stretching frequency found 
for the metal complexes is associated with a greater amount of covalent character 
in the metal-to-oxygen bond [3]. 

Significant spectral changes also occur in the 34 region of the metal complexes 
as compared with the amino acids and the sodium salts. In the formation of 
N -» M bonds, which are essentially covalent, considerable changes in the N—H 
stretching frequencies are to be expected. In the spectra of the amino acids, which 
are present as zwitterions in the solid state, the absorption in this region (NH, ) 
is characterized by an intense broad band having a maximum at about 3-44. A 
similar condition holds for the amino acid hydrochlorides. In the spectra of the 
sodium salts of the amino acids the absorption band in this region (NH,) is split 
into two bands. The band which appears at the higher frequency close to 34 may 
be present as one or two rather sharp peaks. In the metal complexes, however, 
the higher frequeney band (M** < NH.) is always very sharp, and usually appears 
with a shoulder on either the high- or low-frequency side; and sometimes this band 
is resolved into two peaks of almost equal intensity. Generally, in the metal 
complexes the absorption arising from the CH stretching vibrations at about 
20) cm! is very weak relative to that arising from the co-ordinated NH, group. 
In the spectra of the amino acids, the sodium salts and the hydrochlorides, however, 
the intensity of the CH stretching absorption band is about equal to that of the 
absorption arising from the NH stretching vibrations. A similar effect was reported 
for ethylenediamine and its metal complexes [19]. The three y-substituted amino 
acid Ni! complexes were studied both in the hydrate and the anhydrous forms, and 
differences in the contour, and intensity of some bands are observed. In the 3a 
region the higher frequency absorption of the hydrates has a much greater intensity 
than the anhydrous compounds, and the contour is different as shown in Fig. 4. 
In the 64 region the broad band of the hydrates changes to a narrower band in the 
anhydrous complexes. Other significant differences in the spectra are observed in 
the %u, the llw and the I4ma regions. The original spectrum of the hydrate is 
obtained again by hydrating the anhydrous Ni! complexes. These observations 
may be explained on the basis of a change in the nickel-L1 complex which is likely 
octahedral in the solid state, and probably contains the two y-substituted allyl- 
giycino ligands in a trans-coplanar square arrangement and one water molecule 
above and one below this plane at greater distances occupying 1:6 (trans)-positions 
of the distorted octahedron. Upon dehydration, the Ni" ion may exhibit a co- 
ordination number of 4 and the two y-substituted allylglycino chelate ligands 


19) G. F. Svatos, C. Curran and J. V. Quaciiano, J, Am. Chem. Soc. 77, 6159 (1955). 
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may then remain in a trans-coplanar square arrangement [2, 3, 20] or may rearrange 
to form a tetrahedral configuration about the central Ni" ion. Generally speaking, 
tetrahedral complexes of Ni" form six-covalent complexes with ease by the addition 
of two monodentate ligands [21]. Magnetic data would be of value in deciding 
between these two configurations. 


Assignments 

Detailed assignments for the observed infrared frequencies of the amino acids, 
the sodium salts, the hydrochlorides and the metal complexes are given in Tables 

(1) The frequencies in the 3u region are assigned to the NH and OH stretching 
vibrations. This region is critical for the determination of the presence and the 
covalent nature of the nitrogen-to-metal bonds in the co-ordination compounds 
[19]. The shift of the NH stretching vibrations to lower frequencies on co-ordina- 
tion is in accord with the results of previous investigations [3, 19]. For example 
in the allylglycine metal complexes, the NH, antisymmetric stretching absorption 
maximum appears at 3289 cm! for the Cu" complex, at 3300 em~ for the Zn™ 


complex and at 3333 cm~! for the Ni complex. The shift to lower frequencies of 
the observed absorption peaks assigned to these stretching vibrations, compared 
with the 3367 em~! absorption maximum of sodium allylglycinate, indicates the 
presence of N —» M** co-ordination. The fact that the NH stretching frequency 
of some of the sodium salts is as low as it is in the corresponding Ni complexes 
may be explained as the result of hydrogen bonding in the former which will, of 
course, tend to lower this frequency [19,22]. The observed absorption bands 
assigned to the CH stretching vibrations which occur in this 34 region are markedly 
decreased in intensity in the co-ordination compounds, as compared with absorp- 
tion bands of the amino acids, their sodium salts and their hydrochlorides. 

(2) In allylglycine and its hydrochloride the NH,* degenerate deformation 
vibration occurs at 1616 em~! and 1575 em~, respectively, the NH,* symmetric 
deformation at 1527 and 1493 em~'!, respectively, and the rocking 
vibration at 1188 cm~! and 1171 em~!, respectively. Similar conditions hold for 
the other amino acids. 

In the spectra of allylglycine and sodium allylglycinate the antisymmetric 
OCO~ stretching vibration is assigned to the very strong band (most intense in 
entire spectrum) at 1580 em and 1575 em~', respectively. These correspond to 
the very strong absorptions at 1608 em~ for the Cu", 1603 em~! for the Zn™ and 
1577 em~ for the Ni complexes. All have about the same intensity. In the case 


of allylglycine hydrochloride no absorption band is observed in this region, but a 


very strong and sharp peak assigned to the C=O stretching vibration is observed 
at 1736 cm~'. Almost identical conditions exist for y-methylallylglycine, y-chloro- 
allylglycine and y-bromoallylglycine, their sodium salts, their hydrochlorides and 
their Cu", Zn™ and Ni"! metal complexes in regard to the relative position and 
intensity of the OCO~ antisymmetric vibration. In the sodium salt of allylglycine the 


[20] B. W. Low, F. L, Hirsurecp and F. M. Ricnarps, J. Am. Chem. Soc. 81, 4412 (1959). 
[21] R. 8. Nynoim, Chem. Revs. 58, 267 (1953). 
[22] Sr. M. Martinerre, 8. Mizusuima and J. V. QuacLiIANo, Spectrochim. Acta 18, 77 (1959). 
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CC stretching and the NH, bending vibrations appear at 1637 em~' and 1592 em=! 
as shoulders on the high-frequency side of the strong OCO~ absorption band. In the 
metal complexes the C=-C stretching frequency remains almost unchanged, as 


to be expected, and the NH, bending vibration appears as a distinct band or a 


shoulder on the low-frequency side of the OCO~ band at almost the same frequency 
as in the sodium salts. For example, in the allylglycine compounds the NH, 
bending frequencies are 1592 em~! for Na*, 1575 em~! for Cu", and 1563 em~'! for 
both Ni! and Zn™. Again, in the Zn™ and Ni! complexes of y-methylallyl- 
glycine, y-chloroallylglycine and y-bromoallylglycine, the C—C stretching fre- 
quency remains almost unchanged and the NH, bending frequency appears at 
about the same value as compared with the corresponding sodium salts. As 
pointed out, some differences in the contour of the hydrated and anhydrous Ni! 
complexes in this region arise from the presence of the bending vibration of the 
co-ordinated H,O molecules, the hydrates showing a broader band. 

(3) The CH, bending vibration is assigned to the bands at 1439 cm~! for 
allvigiveine, 1435 em~! for the sodium salt and 1445 em~! for the hydrochloride, 
and remains almost unchanged, as to be expected, for the metal complexes: Cul, 
1443 em~!, Zn", 1443 em~ and 1425 and Ni", 1439 This same effect 
is noted for the other three amino acids and their metal complexes. The OCO 
symmetric stretching vibration is assigned to the strong band at 1408 em~! for 
both allylglyveine and its sodium salt. In the metal complexes of allylglycine the 
OCQO~ symmetric stretching vibration appears in this same region, as shown in 
Table 1. This band appears as a doublet in bis-y(allylglycino)-nickel-II. In the 
other metal complexes, the OCO~ antisymmetric vibration also appears at about 
the same frequency value. 

The CH, wagging vibration is assigned to the band at 1350 em- in both 
allviglyeine and its sodium salt, and to the band at 1351 em~! in the hydrochloride, 
and, as to be expected, has almost the same frequency value in the metal complexes. 
The CH bending vibration appears at 1332 cm~! for allylglycine, and as to be 
expected, at about the same value for the sodium salt, the hydrochloride and the 
metal complexes. Neither the CH, wagging vibration nor the CH bending vibration 
should be affected appreciably by chelation of the bidentate amino acid ligand to 
the metal-II ion. 

(4) In allylglyeine, sodium allylglycinate and the metal complexes, the band 
at about 770 cm™~! is assigned to the CH, rocking vibration. In the metal com- 
plexes, the CH, rocking vibration is slightly coupled with the NH, rocking vibration. 
In glycine, sodium glycinate and sodium monochloroacetate, the CH, rocking 
vibration appears at 930 cm~'. In trans-bis-(glycino)-platinum-I1, the NH, rocking 
frequency appears at 796 cm~' [3] and in bis-(alanino)-copper-II at about 788 
em! {9%}. As is well known, the CH, and NH, deformation vibrations couple with 
each other, and this coupling is especially strong with the CH, rocking and the 
NH, rocking vibrations. The absorption bands at 800, 805 and 784 cm are 
ussigned to the NH, rocking vibration (slightly coupled with CH, rocking), respec- 
tively, for the Ni!¥, Cu” and Zn™ complexes of allylglycine. 

The absorption bands, at 712 cm~! for allylglycine and 711 cm~! for sodium 
allviglveinate, are assigned to the OCO~ bending (or perhaps wagging) vibration. 
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In the metal complexes this vibration occurs at 739 em-! for Ni, 746 em-! for 
Cull, and 742 em~! and 705 em~! for Zn". 

Upon deuteration, though not complete, the NH, absorption bands decrease 
noticeably in intensity and new absorption bands at lower frequency values 
appear, due to the ND, group vibrations. In bis-(y-methylallylglycino)-copper-II 
(Fig. 5), for example, the ND, stretching frequencies appear at 2387 em~! (anti- 
symmetrical) and 2336 cm~! (symmetrical) and the ND, wagging frequency at 
826cm~'. The corresponding NH, frequencies in the same compound are, respec- 
tively, 3268, 3226, 1570 and 1133em~!. A similar situation holds for the other 
metal complexes which were deuterated. 
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Abstract taman spectra (liquid phase) with depolarization measurements and infrared spectra 
(vapor, solution, liquid and solid phases) in the 300-3800 cm™~! region are reported for phenol 


and phe nol-OD. \ compl te vibrational assignment for phenol Is presented and a value of 


3 37 k il‘mole has be« n ak te rmined for the barrier to internal rotation about the ( {) bond. 


Thermodynamic functions for phenol as an ideal vapor at | atm pressure have been calculated. 


Introduction 
ALTHOUGH the infrared and Raman spectra of phenol have received considerable 
attention a complete vibrational assignment is not available. KoHLRAUSCH and 
Wirrek [1] studied the Raman spectrum and assigned most of the observed bands. 
In the infrared, published data are confined to the region above 600 em~!. Davies 
association while more recently Davies and Jones [3] and Mecke and Rossmy 
(4) have reported infrared data for phenol-OD. Earlier studies are referred to in 
these papers. In the present study, which was mainly concerned with obtaining a 
complete assignment for the purpose of calculating thermodynamic data for the 
ideal vapor, the infrared and Raman spectra of phenol and its deuterated analog, 
phenol-OD, were examined. 
Experimental 

Fractionally distilled phenol (Dow) was used. Phenol-OD was prepared by 
successive exchanges with D,O. 

Infrared spectra of both molecules in the vapor, liquid and solid phases and in 
solution in CCl,, CS, and n-hexane were recorded. In the 3800-450 em=! region an 
automatic-recording, double-beam, prism-grating instrument designed and con- 
structed in this laboratory was used [5], while between 450-300 em! a Perkin-— 
Elmer double-pass CsBr-prism instrument was used. Vapor spectra were obtained 
with heated cells. 10cm long with the first instrument and 5 cm long with the 
second. 

‘aman spectra of the liquids were recorded with a Hilger photoelectric 
instrument (7A/mm) using 4358 A excitation. The samples were maintained at 
about 50°C. Depolarization measurements were made [6] and the observed values 
were corrected [7] 

1} K. W. F. Kowtrauscn and H, Wirrex, Monatsh. Chem. 74, 1 (1941). 
2) M. M. Davies, J. Chem. Phys. 16, 274 (1948). 
3) M. M. Davies and R. L. Jongs, J. Chem. Soc. 120 (1954). 
(4) R. Mecxe and G. Rossy, Z. Elektrochem. 59, 866 (1955). 
5| L. W. Herscuer, Spectrochim. Acta 15, 901 (1959). 


(6) J. T. and E. B. Wirson, Jr., J. Chem. Phys. 6, 124 (1938). 
[7) D. H. Rank and R. E. Kacarisg, J. Opt. Soc. Am. 40, 89 (1950). 
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Fig. l(a). Infrared absorption spectrum of phenol vapor. Vapor pressures used were not 
determined but are estimated to be of the order of 20 mm. Heated cells were used; 10 em 
long to 450 em~'! and 5 em long between 450-300 


ABSORBANCE 
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FREQUENCY (cu) 


Fig. l(b). Infrared absorption spectra of phenol; full line is the spectrum of a thin film of 
liquid phenol at approximately 50°C; the dotted lines are solution spectra: (1) 0-05 molar 
solution in CCl, in 1-1 mm cell; (2) same as (1); (3) 0-01 molar solution in CS, in 1-1 mm 
cell; (4) 0-13 molar solution in n-hexane in 2 mm cell, 


SBSORBANCE 
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FREQUENCY 


Fig. l(c). Infrared absorption spectrum of a solid film of phenol. 


Results 


The infrared spectra are reproduced in Fig. 1 and 2 while the data are tabulated 
in Tables 1 and 2. The Raman data for phenol are in good agreement with the 
published data [1] and differ only in some of the very weak bands; no published 
data could be found for phenol-OD. The infrared data above 650 em~! for solution 
and liquid phases did not differ significantly from published data [2, 4]. 


Vapor 
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phase infrared data obtained during this study were measured under better 
resolution (ca. 1 em~') than was available to earlier investigators [8]. 


Discussion 
In the absence of published structural data, either electron diffraction or 
microwave, the equilibrium configuration of the free phenol molecule is not known. 
The indirect evidence available suggests that the configuration is a planar one. 
WHELAND [9] discusses the significance of the resonance energy value derived for 
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Fig. 2. Infrared absorption spectrum of phenol-OD vapor at several temperatures between 


70°C and 110°C; the vapor pressure was controlled by the cell temperature, and ranges up 
to a maximum of about 20 mm. 


phenol from heat of combustion data, and concludes that the data are consistent 
with, but do not prove, the view that quinoid structures contribute to the ground 
state of the molecule. Some experimental support for this view may be drawn 
from the X-ray structural data obtained for several phenolic compounds—phenol 
itself has not been studied [10]. The C—O bond length is about 1-36 A which is 
some 0-07 A shorter than the C—O bond in aliphatic alcohols. Part of this differ- 
ence is accounted for by the decreased effective radius of the carbon atom due to 
its changed hybridization from sp* to sp*, but some degree of electron delocalization 
across the C—O bond is indicated. This increase in double bond character is 
expected to favor a completely planar equilibrium configuration. 

During this study, evidence in support of the planar model was derived from 
two sources: from the value of the height of the barrier hindering internal rotation 
about the C—O bond and from the shapes of the vapor infrared absorption bands 
of the stretching and bending modes of the COH and COD groups. The barrier 
height was found to be 3-37 kcal/mole which indicates considerable electron 
delocalization across the CO bond. 

Bapcer and ZuMWALT’s [11] calculations allow us to predict that, for phenol, 
vibrational modes which have their dipole moment change in a direction per- 
pendicular to the plane of the phenyl! ring will yield infrared absorption bands with 
a very strong central Q-branch (type-C bands). Reference to Figs. 1 and 2 show 


8) V. Writiams, R. Horstaprer and R. C. Herman, J. Chem. Phys. 7, 802 (1939). 

9| G. W. WaHetanp, Resonance in Organic Chemistry p. 106. John Wiley, New York (1955). 
[10| Interatomic Distances. Special Publication No. 11, Chemical Society, London (1958). 
{11} R. M. Bapoer and L. R. Zumwatt, J. Chem, Phys. 6, 711 (1938). 
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Vibrational data for phenol 


Vapor Solution 


3661) 
3653 
3648] 


3078 


3050 


1931 
1918 


1830 
1765 


1690 


1608 | 
1602! 


1507) 
1493) 
1478 
1470 
1462 


1349 
1343 
1335) 


1320 


3610 
3500 
3350 


3105 


3098 
3090 
3074 


3052 
3046 
3021 


2925 


2510 


2432 
2410 
P2065 
1944 
1923 
1855 
IS35 
1768 
1696 
L608 
1600 


1531 


1502 


147: 


1388 


1344 


1332 
1312 
1290 


Infrared 


Liquid 


3500sh 
vs, b 


3103w 
3090w 


3090w 
3070w 


3050sh 
$044m 
3020w 
2955w 
2835w 
2714w 


2590w 
2470w 


2410w 
2050w 


1930w 


772w 
1L705w 


1604s 
L597vs 
L555. W 


L528vw 


l474vs 


1388vw 
1362m 
13430 


1332sh 
1313vw 
1292vvw 


Solid em? 


3500b 
3225 ~3350 


3190 


3090 


3088 
3070sh 
3061 


3043 
3019 3023 
2830 
2714 


2592 


1605 1603 


1598 1595 


150] 1500 


1473 1471 


1388 1381 
1370 


1332 
1314 


1292 


taman (liquid) 


I 


165 


D.R 


Assignment and 


approx. description 


Monomer OH 
end-group 
polymer 
1603 1598 B, 
1608 1502 A, 
(2 1228) 650 
1600 1502 B, 
1600 1473 
CH stretch / 
CH stretch ay 

CH stretch b, 

CH stretch b, 

CH stretch ay 

1362 1597 

1362 1473 or 1228 
2 1362 

1362 1228 

1344 1179 


A 


829 883 B, 
ring stretch ay 
ring stretch by 


753 814 B, 
691 829 


ring st retch ay 


ring stretch b, 


416 4 972 A, 
Polymer 

end group 
monomer 


814 + 530 A, 


416 883 B 
CH bend b, 


1 


stretch 


1604 


ring stret« h 
with 6 OH 
character 


a 
5 
VVUMe 
1259 1179 
2410 1600 + 814 A, 
2050 1259 814 A, 
1952 2 x 972A, 
1932 958 973 B, 
1865 973 883 B, 
P 1848 958 883 B, 
e. 1775 829 + 958 A, 
1710 
28 D 
| 
1555 1558 
1531 
~ 
1385 


Table 1 (contd.) 


Infrared Raman (liquid) 
Assignment and 


Vapor Solution Liquid Solid D.R 


approx. description 


1268 
1260 1259 1252 25 . X-sensitive a, 
1253) 
1228vs 1230 ~1220b ~4) Polymer 6 OH with 
1198sh 1196 ~4! end group ring stretch 
monomer } character 


L1L68w 7 CH bend a, 


CH bend by 


416 h 
CH bend by 


1 


1024 7 CH bend a, 


1014sh 2 509 A, 
L000 100 ring breathing a, 
OSS C® mol. 
97Svvw CH bend bs 


958vvW CH bend a, 


CH bend by 


CH bend a, 
X -sensitive ay 
CH bend 


ring def. b, 


ring def b, 
2(OH) 


X -sensitive ay 


X-sensitive > 


ring def. a, 


monomer | 
vy OH 


7 polyme r } 
242 20 D X-sensitive b, 


heights uncorrected for variation in spectral sensitivity, 
rized, P polarized; vs very strong; strong; 
wenn; very weak; b broad; mole ule refers 
lecule 
eans that the band has type-C structure and the wavenumber value quoted is 
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Table 2. Vibrational data for phenol-OD 


Infrared Raman (liquid) 
Assignment and 


approx. description 
Vapor Solution Liquid em! D.R 


3650 3610 | 3350 22: Phenol 
3190 1600 1596 B, 
S105 ‘ 1602 1498 Ay 
3098 | 3096v~u 97 1597 + 1498 B, 
3085 3083vw > 2 1597 1478 
3080 3075 | 3072w 307: 3075 stretch b, 
3062 stretch a, 
3050sh’ 3045m 3049 5046 ‘H stretch b, 
3040 3039 
3019 30200 3014 


2PS85 
2670 Monomer 


2586 2590sh ~2590 (obscured by end group 
Hg 4916 A) 
2495 2490s 2415 2486vb polymer 
2410 1602 
2054 2046w 2050 1249 
L970b 
1943 1955vw 
1925 1936w 1936 
IS55 I865vw 1870 
1848w 1850 
1768 1775w L775 
1698 1706w 1710 
1602 1601vs 1602 1600 ring stretch a, 
L597 1596 1597 1592sh ring stretch by 
1555 752 SOS FB, 


1525vw 6389 $27 Bb, 


1506 
1501 


1498 1498vs 1499 ring stretch ay 

1492} 

1478 1478m 1490b AOD) v(OD) assoc. 
1463 1463m 1463 ring stretch b, 

L389 1391lvw 1391 416 972 A 
1344 1368 1368 phenol 

1333 L337vw 1338 S08 

1317 1320vw 1320 416 880 B, 
1303 1304vw 1305 ring stretch b 
1289 1290vw 1290 CH bend 4, 


1 


1 


124lvs 2! X-sensitive a, 


1230sh phenol 


103 A, 
PO95 
2687 
a r(OD) 
~* 
16 
1060 
- 
2 
1601 
1262 
orc 
1258 | 
‘ 
1246 
138 


Raman (liquid) 
\ssignment and 


approx des ription 


Tisit 
-sensit iv 


that this expectation is fulfilled for bands which are well known to be out-of-plane 
CH bending or ring deformation modes. Planar modes should vield type-A (weak 
A branch) or type B ino / branch) or A/B hybrids. Both the OH and OD stretch- 
ing modes vield bands which are best described as type A or A/B. The OD bending 
mode at 918 cm~' shows a similar band. The OH bending mode in the 1150-1400 
em”! region is not a simple mode ; two bands exhibit the behavior, on association 


change and isotopic exchange, which is expected for the OH bending mode. 
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978 Polymer 
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Mecke and Rossmy [4] have discussed this problem and have concluded that the 
OH bending mode is strongly coupled with a ring stretching mode although the 
alternatives—coupling with a CH bending mode or with an overtone or com- 
bination tone—are not ruled out. If the coupling partner is a fundamental then 
this is good evidence for the planar model since only planar modes can occur in 
this frequency range. Both bands have structures which indicate planar dipole 
moment changes so that, irrespective of the actual assignment, the evidence is 
again in favor of the planar model. All five bands discussed above have a P—R 
separation of 14 lem", 

The planar model was accepted as a basis for this study. The phenyl ring was 
assumed to have the dimensions of the benzene ring | 12], the C—O bond length was 
taken to be 1-36 A, the COH angle to be 118° and the OH bond length was assumed 
to be 0-96 A. The molecular symmetry is C, for which all thirty-three modes are 
infrared and Raman active. For convenience in comparing the vibrational 
assignment with those of other monosubstituted benzenes of C,, symmetry, the 
species designations a,, b,, a,, 6, have been appended to the last columns of Tables 
1 and 2. Strictly, a, and 6, should be replaced by a’, and a, and b, by a” 

The vibrational assignments were reached on the basis of: (1) comparison 
with assignments available for several monosubstituted benzenes [13, 14]; (2) the 
observed depolarization ratios of the Raman bands; and [3] the vapor band- 
envelopes of the infrared bands. Earlier partial assignments already referred to 
[1, 2, 4] and the assignment of the five out-of-plane CH bending modes made by 
WHIFFEN [15] were also very helpful. 

Twenty-four modes may be well described as phenyl ring modes since they are 
not particularly sensitive to the nature of the substituent [13]. These require no 
discussion beyond a reference to Tables 1 and 2. One of these modes, the ring 
stretching mode derived from the B,,, mode of benzene [16], is said by Mecke and 
RossmMy to couple with the OH in-plane bending mode and this assignment, in the 
absence of conflicting evidence, is accepted here. 

Six modes involve considerable motion of the phenyl ring and CO group and 
are described as X-sensitive modes [13] where X is OH or OD. These are at 
1260(1253), 814(808), 527(523), 503(503), 398(380), 242(241) em~! for phenol and 
(phenol-OD). One of these shows a marked change in appearance on changing the 
degree of association. In dilute solution of phenol the band appears at 404 cm! 
and is sharp while in the liquid a broad absorption centered near 410 cm~' is found; 
in the solid a band at 455 cm~' is assigned to this mode. The behavior of the 
corresponding mode of the heavy molecule is similar with all bands shifted about 
20 cm~! to lower wave number. This behavior is consistent with the approximate 
description of the mode—mainly in-plane C—O bending. The other five X- 
sensitive modes do not show large shifts on isotope exchange nor are they affected 
appreciably by association changes. It should be noted that only the first statement 
was checked in the case of the lowest lying mode since it is beyond the infrared 
2) B. Svorcuerr, Canad. J. Phys. 32, 339 (1954). 

3! D. H. Wuarrren. J. Chem. Soc. 1350 (1956) 
4) J. C. Evans, Spectrochim. Acta 16, 428 (1960). 


5| D. H. Warren, Spectrochim. Acta 7, 253 (1955) 


l 
16) R. D. Marr and D. F. Hornie, J. Chem, Phys. 17, 1236 (1949). 
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range studied and not amenable to study by the Raman effect in dilute solution 
because of its intensity and position 

The remaining three modes are OH stretching, OH in-plane bending and the 
out-of-plane OH bending or torsional mode. The OH stretching mode. »(OH). is 
well known and has been the subject of numerous investigations related to hydrogen 
bonding [17 The OH in-plane bending mode was discussed above. 

In the associated molecules, Davies |2] assigned the broad band in the 600 
700 cm! region to the out-of-plane bending mode, »(OH). The position of this 
mode in the free molecule has not been reported. It is undoubtedly near 300 em~! 
where a strong band was observed in the infrared spectra of phenol vapor and of 
dilute solutions of phenol in n-hexane. These bands are absent from the corre- 
sponding spectra of the heavy molecule and from the spectra of solid and liquid 
phenol. The spectra of liquid and solid phenol-OD show broad bands near 500 
em”! which are assigned to the mode »(OD). 

Unfortunately the monomeric y(OH) lies at the limit of the range of the infrared 
instrument so that the band center could not be determined accurately. However. 
the first overtone of »(OH) was found as a well-defined band at 583 em~' in the 
infrared spectrum of phenol vapor; the band was absent from the spectrum of 
phenol OD vapor but its new location could not be determined. No suitable 
alternative assignment could be found for this band. 

With this assignment, the molecular geometry described earlier and with the 
assumption that the torsional mode is a pure mode not interacting with any other. 
we may calculate the height |, of the barrier hindering internal rotation about 
the C—O bond. The usually assumed form for such a barrier is (V,/2)(| cos nf) 
where 4 is the torsional angle and av is the number of equivalent minima in a 
complete internal rotation; » 2 in this case. Using this potential function the 
Schrodinger equation reduces to the Mathieu differential equation the eigenvalues 
of which have been tabulated [18]. The reduced moment of inertia of the model 
assumed is 1-19 10>" ¢ em? and the height of the barrier to internal rotation 
was found to be 3-37 kcal/mole and the fundamental torsional mode to be 307 
em~!. It must be emphasized that the value of V, is rather sensitive to the geo- 
metry assumed for the COH group. Thus, with the angle COH of 110°, V’, becomes 
3°7 keal/mole. Over this range IV’, varies linearly with the COH angle. 

Theoretical and observed Teller-Redlich products were in good agreement for 
the a’ species: theoretical product 0-512; observed product 0-521. Of the a” 
modes only one was observed to be affected by deuterium substitution, »(OH). 
The monomeric values could not be determined but »(OD)/y(OH) using solid 
phase frequencies was 0-72,, which is to be compared with the theoretical value of 
0-726. 


Association effects 


Considerable work has been done on the association process of phenol [19]. 


Bands due to the end groups of the polymeric associated complexes have been 


assigned previously [2]. Some additional assignments of this type were made in 


17| G. Piwentec and A. L. McCLetitayx, The Hydrogen Bond. Freeman. San Francisco (1960). 


18 B. Jr... Chem. Revs. 27. 17 (1940). 


E 
19} R. Mecker, Discussions Faraday Soc. 9, 161 (1950), 
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Tables 1 and 2. Spectra of solutions with small degrees of association indicat 


that the small associated complexes, perhaps dimers, absorb near the frequencies 


assigned to the end groups of larger polymeric complexes. A noteworthy observa- 
tion was that, while these bands appeared in the liquid-phase infrared spectra as 
shoulders on the sides of the main bands, in the liquid-phase Raman spectra the 
end group bands were more intense than the bands assigned to the OH bonds 
within the polymeric associated complex. 

A rather striking feature of the spectrum of the associated phenol molecules. 
but not of the monomeric molecules, is the regular progression of bands on the 
lower wavenumber side of (OH). This was not observed for phenol-OD, only one 
band being found in the expected range. The component bands of the progression 


Table 3. Molal thermodynamic properties of phenol, ideal gas state 


TUK) (H 


298-15 24-6: 13°93 

300 24-78 5-26 14-00 

100 32-36 17-67 

500 38-65 91-3! 21-27 

3°56 24-59 

TOO 27°5 

DO-66 

O00 53°30 

55°54 

1100 57-43 

1200 59-06 34- 38-6: 96-16 
1300 60-46 39-56 2 99-32 
1400 61-67 

1500 62-73 


mole}. 


are identified by arrows drawn on Fig. I(c). They are separated by 122 + 5 em~!, 
this figure including the separation between the center of »(OH) and the first band 
in the series. This first band coincides with the CH stretching bands and gives the 
impression that a change of relative intensities of these bands occurs as the degree 
of association changes: this does not occur for phenol-OD. On cooling a film of 
solid phenol to — 180°C very little change in intensities and widths of these bands 
occurred, Some small changes in position were observed—the center of »(OH) 
moved to lower wavenumber by about 20 em~! while several of the bands in the 
progression moved to higher wavenumber by about 10 em~'. The one explanation 
that is compatible with the experimental data is that these bands are combination 
and overtones of bands in the 1150-1600 em~! region. All are found to be explic- 
able as overtones or combinations of the two 0(OH) bands. Some very weak bands 
in dilute solution may be explained as the corresponding monomeric bands. 
The one band found for phenol-OD is 2» d(OD). 


Thermodynamic functions 
These were calculated for the ideal vapor at one atmosphere pressure in the 
standard manner using the harmonic-oscillator, rigid-rotator approximation. 
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The moment of inertia product was 2-246 »« 10-"% g* em® and the external sym- 
metry number. |, was used. Thirty-two vibrational modes were treated in the 
standard manner, while the hindered internal rotation was treated according to 
Pitzer and Gwinn’s methods [20, 21] using the values V, = 3-37 keal/mole and 
1:19 g em*. Calculated values are collected in Table 3. 

Parks ef al. |22| have obtained a value for the entropy of solid phenol at 25°C 
from heat capacity measurements in the 90-298°K range with an extrapolation 
below 90°K. This value, combined with the vapor pressure data and heat of 


Table 4. Entropy of phenol at 298-15°K (cal (C~ mole~?) 


Vaporization 
Compression 
Measured for ideal gas 


vaporization value measured by BippiscomBe and Martin [23], enables us to 
obtain a value for the entropy of the vapor at 25°C. Table 4 summarizes the data. 
The agreement is not unsatisfactory in view of the uncertainties involved. We may 
conclude that there is no evidence for disorder in the phenol crystal at low tem- 


perature. 


Note added in proof: In a recent paper T. Kogra |.J. Phys. Soc. Japan 15, 284 
(1960)| has reported the results of a study of the microwave spectrum of phenol 
vapor. The molecule was shown to be planar with moments of inertia almost identi- 
cal with those of the model assumed here. From the observed splitting of the rota- 
tional lines, a value of 3150 300 cal/mole was determined for the height of the 
barrier to internal rotation assuming the moment of inertia of the OH group about 
the (-—O bond to be 0-80 a.m.u. A?. Until further structural studies are made it can- 
not be decided whether or not this moment of inertia value is to be preferred to 
that assumed in this study (0-72 a.m.u. A*). However, the two values of V, ob- 
tained are not sufficiently different to affect the thermodynamic data significantly. 


nd W. D. J. Chem. Phys 10, $28 (1042). 
ren, J. Chem. Phys. 14, 239 (1946 

H. M. Hurrman and M. Baruorer, n. Chem, Soc, §§, 2733 (1933). 
and J. F. Martin, Trans, Far y Soe. 54, 1316 (1958). 
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The planar vibrations of naphthalene 


Daryt E. FREEMAN and Ian G. Ross 


Department of Physical Chemistry, University of Sydney, Australia 
(Received 23 May 1960) 


Abstract A valence force field, including selected interaction constants, has been used to 
compute the thirty-three planar vibration frequencies of each of naphthalene, naphthalene-x-d 


naphthalene-/-d, and naphthalene-d,. 


Starting with benzene-like force constants, the method 
of steepest descents was used in an iterative calculation which forced agreement with seven 
observed A,-type fundamentals of the undeuterated compound, using (in the more successful 
of two such calculations) the A, assignments of Lurner. The final force field gave encouraging 
results when used to calculate all the other frequencies, and appears to be particularly suitable 
for the contentious low frequencies. The only really large and unavoidable disagreement was 
found in the case of the particular B,, vibration which carries naphthalene between two 
Kekulé structures. 

The normal modes are depicted; they are strikingly similar to the modes found by ScHMID 
in a calculation which led to considerably different numerical frequencies. 


THE normal co-ordinate analysis of naphthalene is a problem of considerable 
interest methodologically, while the results should prove valuable for a deeper 
understanding of the molecule’s electronic spectrum. The forty-eight normal 
vibrations comprise fifteen out-of-plane and thirty-three in-plane modes, and the 
two sets are dynamically separate. The former represent a relatively small 
problem arithmetically, and have already been encouragingly dealt with by 
Scu.t.y and WuirreN |1}. The planar modes are much more formidable. However. 
early limited investigations |2] using hand calculators have recently been followed 
by more ambitious calculations employing automatic computation [3-5]. Progress, 
to which the present work is a contribution, has been made towards a solution of 
the problem, though it is one which seems certain to remain live for some time yet. 

Two considerations currently dominate this work: the search for a suitable 
kind of force field, and the status of the experimental assignments. Concerning the 
latter, it appears that notwithstanding several recent studies |6—11] there are still 
many alternatives; the recent identification |12] in the electronic spectrum of a 


[1] D. B. Seutty and D. H. Wurrren, J. Mol. Spectrosc. 1, 257 (1957). 
C. Mannesack, J. chim. phys. 46, 49 (1949). 
[3| Ek. Scumip, Z. Elektrochem. 62, 1005 (1958). 
[4] J. A. O'CONNELL. Thesis, New York University (1958). 
[5] . B, Scutty and D. H. Warren, Spectrochim. Acta 16, 1409 (1960). 
[6] E. R. and E. J. O'Reiiiy, J. Chem. Phys. 28, 238 (1955). 
. L. MeCLecian and G. C. Pimenten, J. Chem. Phys. 28, 245 (1955). 
5. S. Mirra and H. J. Bernstrers, Can. J. Chem. 37, 553 (1959). 
. Luruer, G. Branpes, H. and B. Hampe., Z. Elektrochem. 59, 1012 (1955); H. Luruer, 
.. FeLpMAN and B. Hamper, Jbid. 59, 1008 (1955). 
. BRANDMULLER and E. Scumip, Z. Physik 144, 428 (1956). 
’, Brown and R. Mecke, Z. Elektrochem. 62, 441 (1958). 
. P. Crate, J. M. Houwas, M. F. Repies and 8. C. Warr, Proc. Chem. Soc. 361 (1959). 
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hitherto undetected Raman-active fundamental stresses this. High dispersion 
measurements in both the Raman and infra-red are still greatly needed. Indeed, 
if we neglect the CH stretching modes, with which we are here not greatly 
concerned, the number of planar fundamentals upon which all experimentalists 
seem substantially agreed is only nineteen (out of twenty-five). Even this figure, 
however, flatters the experimental situation, since for practical calculations on a 
crowded spectrum it is necessary to know, not only that a particular frequency is 
indeed a fundamental, but also how many other fundamentals of the same 
symmetry lie above or below it. In this more exacting sense we estimate the 
number of secure planar fundamentals as ten; in the deuterated molecules to which 
reference is later made these numbers are slightly smaller. 

Returning to the question of the force field, we have some, if incomplete, 
cuidance from studies of benzene. Here WuHtrren |13] was able to apply a valence 
tield (including a suitable number of interaction constants), with enough success to 
encourage him |5], and us, to investigate a similar approximation for naphthalene. 
The principal reason for seeking such a field is its proven adaptability to non- 
conjugated systems, and the fact that the constants in it have some physical 
meaning. Because of the cyclic redundancies it is arguable whether, in fact, any 
one force constant has significance when considered alone, but we adhere neverthe- 
less to the prejudice that a force field which does not have more or less conventional 
values for the bending and stretching constants, and in which the interaction 
constants are rather large, is unlikely to reproduce the actual normal modes 
satisfactorily, or to be transferable to other molecules. On the other hand we are 
quite prepared to find significant interaction constants between distant units in a 
conjugated system—a feature peculiar to such systems. 

An alternative (Urey—Bradley) field which includes direct interactions between 
non-bonded atoms is made particularly significant byarecent spectacularapplication 
to benzene, due to CaLirano and CrRawrorp |14]. Already, indeed, Scumip 
having found a simple diagonal valence field unsuitable for naphthalene, has 
carried out a similar sort of calculation in which forces between para-carbon atoms 
in the same ring were specifically introduced. ‘The frequencies so found are 
moderately encouraging, but when the force constants are assessed by translating 
them into valence-field terms they are found to include such oddities as a CH 
bending force constant having one half its usual value. We doubt whether such a 
tield would respond to further refinement. 

We now describe the present status of calculations made using a valence-force 
field which began, before iterative refinement, by resembling Wutrren’s |13] 
benzene field rather closely. However, we were obliged to make rather subjective 


assumptions about the coupling between the two rings. These calculations are 


promising enough to suggest that such a field will ultimately prove suitable 


though not, of course, unique), without becoming intolerably elaborate, and they 
suggest some decisions about presently uncertain assignments which merit 


experimental consideration 


\ 248, 131 (1955). 
16, S89 (1960). 
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The planar vibrations of naphthalene 


Computational procedure 

Only the bare outlines of the algebra need be given; the details are in any event 
on record | 15]. For the molecular shape we used the crystallographically determined 
carbon skeleton | 16}—the rings are not quite regular hexagons—and assumed that 
the CH bonds are all 1-084 A long and bisect the corresponding external CCC angles. 
The molecular symmetry is D,,, and the thirty-three planar vibrations are 
distributed among four symmetry species, thus: 94, — 8B, SB, SB, 
(see Table | for notation). 


Fig. 1. Valence co-ordinates for naphthalene. Co-ordinates 7 are bond stretches; 
a, 6 and ¢ are increases in ring angles: a’ and b’ are angular displacements of the CH 
bonds from the external bisectors of the ring angles. 


Internal co-ordinates were defined as in Fig. 1. Six of them are redundant, and 
hecause of this the general quadratic-force field defined with respect to all of them 
contains 211 constants, of which only 153 are independent. But even this latter 
figure is unmanageably large for practical purposes, so all but fifty-nine constants 
were set equal to zero. Then, by prescribing that certain sets of these constants 
should always bear fixed ratios to one another, the number of independently 
variable constants was ultimately reduced to twenty-four. They are listed in 
the Appendix. 

F- and G-matrices [17] in terms of symmetry-adapted combinations of internal 
co-ordinates were set up in the usual way. The redundancy equations were then 
determined numerically from the G-matrices and checked against the equations 
obtained by geometry (they are given in the Appendix). These relations were then 
used to eliminate six symmetry co-ordinates from the complete potential energy 


expression. The choice of co-ordinates to be eliminated is immaterial, so that 


details are unnecessary. 
To permit different choices of force constants, /,, to be inserted rather con- 
veniently into the calculation, the digital computer SILLIAC was programmed to 


set up the secular equations in the form 


i 


and to solve them for the frequencies y in ¢ 


(15) D. E. Freeman. Thesis, Sydney University (1959). 
16!) D. W. J. CruicKksHank, Acta Cryst. 9, 1010 (1956 
B. Witson, J. Decius and P. C. Cross, Molecula yrations. MeGraw-Hill, New York 
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Table 1. Calculated and assigned planar frequenc 


for naphthak me dq. x dy, d, and d. 


Species t Calculated 
and 
serial no d, d. 
S078 3056 3055 3048 2272 
1571 1541 L565 1553 
(1462 1305 1460 1413 1381 
1340 : 379 1380 1293 
1136 L075 1144 
SUS 3. SOS S30 
uso 7: 738 
499 516 SOT 493 


2979° 2252 2235 S054 2200) 2232 
1535* 1514* 1492 1450" 1595 1581 1445 
1405 1328 1291 1202* 1389 1362 1260 
11s2* 1112* 1177 1265 1199 1050 
1083 O14 s22* 1125 929 

792° 757 753 748 740 715 


367 368 351 362 338 328 


3000 3053 3023 2272 3090 3076 2209 


3006 2241 2265 2234 3005 227 2258 
1546 1486 1529 14128 1509 1480) 1403 
1401* 1466* 1430 1464*§ 1361 1318 1290 
1131 109s 1104 1144 1098 
905 S17 1008 942 828 
S16 753 730 S23 793 Tél 
622 522 HO] 61s 593 
3042 2098 S02, 2258 S051 5 2302 
2979 2245 223: 222: 2980 
1679* 1650 1670 1624 (1610)** 1575 
1466 1453 1330 : 1436 1410 1330 
1246 1142 1234 L030 1240 1140 1030 
921 922 S40 1099 958 S81 
| S46 S48 S44 784 
458 446 450 440 506 (SO0O)** 490 


Wes 
+ The notation for symmetry types follows MuLLIKEN’s [29] recommendation No. 5b. B,, modes 
are short-axis, B,, modes long-axis polarized. This usage has become standard among electronic 
spectroscopists, but has not, to date, been used in the vibrational literature, where B,,, B,,, B,, have 
been called By B B respectively 

Figures obtained by different workers for the same frequency frequently differ by several em~'. 
The numbers quoted here were taken, without necessarily implying preferences, from |9}, |12), 
20 and -d,), and [8 a-d, and [24] ( 

The reasons for inverting the order of these two frequencies are given in the Discussion 
paragraph 

** Estimated. 
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The planar vibrations of naphthalene 


Here the A, are matrices, determined in the course of eliminating the 
redundancies, and £,A,f; is simply an expanded expression for an F-matrix. The 
roots v, are the frequencies. The programme also produced the eigenvectors and 
the derivatives dv,/df, for specified f,. 

Trial sets of force constants f, were then inserted and the frequencies calculated. 
In none of many such calculations were the results strikingly good: the calculated 
frequencies were distributed over roughly the correct ranges, but serious disagree- 
ments with firm assignments were invariable, and correlations between calculated 
and uncertain experimental frequencies remained mostly ambiguous. In this 
experience there is a rather obvious moral, namely: in cases like the present where 
calculated frequencies emerge as rather closely spaced roots of large secular 
equations, a force field which has been set up purely by analogy with related 
molecules is likely to give results which coincide with some observed frequencies 
at least. However, only by an extraordinary stroke of good fortune will the 
constants have been guessed so accurately that the coincidences are numerous 
enough to give weight to decisions about insecure frequencies. As we note 
subsequently, it is possible to get agreement with quite different sets of observed 
frequencies by making trifling adjustments to a few constants. Consequently, the 
calculation, to have any value at all, must be systematically forced to agree with 
as many secure frequencies as possible, and these in turn must be fairly numerous. 

A suitable figure of merit for a particular set of calculated frequencies is the 
quantity 

Q = ove — (1) 


where the c,; are weighting factors. A systematic way of improving the calculation 
is to minimize @ by varying the f,. In the direct application of the method of 
steepest descents ( is expanded as a Taylor series in the force constants 


Vo + of, o of, 


( is then optimally reduced if the /, are decreased by amounts proportional to 
their (positive) derivatives, the changes being not so great that the expected 
improvement in Q is in fact vitiated by neglected higher derivatives. The process 
is then repeated with new derivatives. 

Alternatively, (¥,; ox. V; cate) Itself may be so expanded, and, upon squaring, 
the second derivatives of @ are partially taken into account. By solving the 
simultaneous equations 0Q/df, = 0, values of df, are obtained which would indeed 
minimize Q were (¥; oy. — ¥jcai) truly a linear function of the f/,. This procedure has 
been used for other molecules by MANnw etal. [18]. In fact, of course, only small 
changes in the f, can be safely made before recomputing derivatives. 

Iterations of these kinds (and our experience with both methods does not 
suggest that the latter is worth the extra trouble) appear likely to feature regularly 
in the future literature of vibration theory. In principle they could easily be 


programmed automatically. However, our experience with the valence-force field, 


at least, does not yet encourage us to let the iteration proceed without inspection 
at each step. On the other hand we understand that unsupervised iterations with 


[18] D, E. Mann, T. Saimanovucni, J. H. Mea and L, Fano, J. Chem. Phys. 27, 43, 51 (1957). 
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both valence-force and Urey—Bradley fields have been found to converge without 
trouble in smaller molecules {19}. 
We think it worthwhile to describe the computational problem in more detail. 
It will be convenient to envisage ( as a surface in a space, which we shall call 
f-space, of » complex variables, where x is the number of independent frequencies 
independent, that is, of product-rule and like relations) to be fitted. 2 is also the 
maximum number of independent force constants f/f, which it is worthwhile using. 
The zeros of Y occur at the solutions of the simultaneous equations obtained by 
expanding the secular equations with r, put equal to r,,,. and with the /, treated as 
vns. These equations are of high degree in a large-molecule calculation, and 
ording|y have a multitude of solutions. Of these solutions we seek only those 
which lie within, or near*, a certain zone in the real sector of f-space, the bounds of 
this zone set by our knowledge ot force constants which have been found 
appropri ite in other molecules 
The results of the initial calculation will generally lead to a value of Q@ which 
lies on the side of a valley leading away from one of the G@ = 0 minima. The 
iterative retinements described then correspond to a process ot edging cautiously 
down this valley towards the minimum. The process is necessarily cautious since, 


if too great a step is taken in f/-space, we may cross the valley floor and end up 


la 


higher than the starting point, or may even cross into another valley. The 
convergence is also somewhat unpredictable, since the valley may be one leading 
down towards a minimum which lies outside the real sector of f-space; in this case 
motion along only real directions will lead to an apparent minimum with @ > 0, 
and no further improvement is possible 
not uncommon to work with fewer force constants than frequencies. This, 
of course, corresponds to working in a cross-section of f-space in which it is most 
unlikely that any minimum will actually be as deep as Q@ = 0. The assumption is 
hopefully made that a deep minimum of @ in this case represents a better approach 
to the “true” solution than a less deep one, though if the “true” solution happens 
to be far removed from the cross-section considered, this need not be so. It is more 
likely to be so if the frequencies fitted include frequencies belonging to isotopically 
substituted molecules, since in this way the normal co-ordinates are implicitly 
introduced into the data Intensities, too, can of course also be used to check the 
physical reality of approximate solutions [13, 11, 5], and indeed if the procedures 
for calculating infra-red and Raman intensities from normal co-ordinates were 
better established it would be desirable to include in @ suitably weighted intensity 
data as well. 
\s a further alternative one may work with a restricted set of frequencies. This 
corresponds to setting equal to zero certain of the weighting coefficients c, in the 
detinition of @ [equation (1)}. Let this particular function of type Q be called Q’. 


* If the d cho inappropriate there may be no completely acceptable solution. A well-known 
case arises : vertmental frequencies are significantly anharmonic, and isotopic frequencies 
I 


are included in th mental information. It will then be impossible to fit n frequencies with n 
purely real force constants lo avoid this obvious source of trouble, observed isotopic frequencies 


should be adjusted to cor pl with the product rule at the outset 


19) Personal communications from 8S. Catirano, J. OvEREND and G. H. SCHACHTSCHNEIDER,. 
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The planar vibrations of naphthalene 


The minima of Q’ are not, in general, minima of Q, but may yet prove useful as 
starting points for a complete calculation. This can be tested by using the 
solutions of the partial problem to evaluate all the frequencies of the complete one, 
and indeed is the point of the present work. 

At present our knowledge of how these iterations behave in practice is 
extremely tentative. We do not, for example, know how many minima of the 
complete function Q are likely to lie in the physically acceptable domain of f-space, 
nor how many of these have @ > 0. Related to this is the matter of from how far 
away we can converge back to a particular solution. We need to know also if a 
given solution will nearly always be reached from the same starting point when the 
calculation is varied by changing the average length of the “steps” in f-space—are 
the minima, in short, commonly separated by narrow saddles? These practical 
matters should be amenable to investigations via trial calculations. 


Results 

We have followed the last of the procedures outlined above, varying a 
particular set of force constants to fit about a quarter of the frequencies of 
undeuterated naphthalene. Had all the experimental assignments been already 
secure, we would have preferred to choose for these frequencies the highest and 
lowest skeletal frequencies of each symmetry type. The assignments were, in fact, 
considered too doubtful for this, and instead we followed ScumMip [3] and chose 
the seven lowest totally symmetric (species A,) frequencies, i.e. no attempt was 
made to fit accurately the two well-removed CH stretches. 

Two distinct A, assignments were investigated. Only one will be discussed in 
detail, because we are now convinced that it is the correct one (see discussion 
below). The other will be cited merely in illustration of what happens when an 
incorrect set of frequencies is used. The preferred set is LUTHER’s [9], which was 
also adopted by Scumip [3] in his work, and is 

species A » Crgktg: 1579, 1460, 1379, 1145, 1025, 762, 512 em 

The force constants initially used are listed in the Appendix. ‘They gave the 
following rather poor A, frequencies: 

1697, 1479, 1321, 1117, 1047, 816, 451 em 


Convergence, to within a few wavenumbers, upon LUTHER’s experimental figures 
required twelve iterations. The number of force constants varied in any one step 
was seven, but we did not hesitate to vary the choice of these seven when con- 
vergence was proceeding particularly slowly. In a partial calculation of this kind 
there can be little objection, on physical grounds, to this device and it would have 
been obligatory had the iteration definitely encountered a minimum of (’ greater 
than zero. The magnitude in the changes, 4/,, in the force constants which could 


safely be made at each step was about 0-1 mdyn/A, but varied considerably. 


Consequently, it was a regular procedure, before calculating new derivatives, to 
evaluate Q’ exactly for two different sets of 6f, differing from each other by a 
factor of 3, and that set for which Q’ was least was used as the starting point for the 


next iteration. This set was usually, but not invariably, the larger of the two, and 
occasionally even smaller sets of even smaller 6f, were needed or else Q’ would 
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actually have been worsened. Reference to the Appendix shows that in the end 
the final changes in the f, were rather small. 

In the second calculation the set of seven experimental frequencies was altered 
by substituting 943cm-! for 1145cem—. Twenty-two iterations brought the 
calculated frequencies into agreement with these new numbers; the final changes 
in the f, were again small, and hardly less acceptable, a priori, than those produced 
in the first calculation. 

After convergence, the 132 planar frequencies of naphthalene-d,, -x-d,, --d, 
and -d, (here, and in the tables, we use these convenient names for the isotopic 
variants) were calculated in full (Table 1). The superiority of the first calculation 
then showed out unambiguously, most significantly perhaps in the A, species of 


the deuterated naphthalenes whose low frequencies, in the second calculation, 


were particularly hard to correlate with observed values. And again, where the 


first calculation is still least satisfactory, viz. (see below) among the high skeletal 


frequencies of species B,,, the second was no better. From this comparison we 
take some encouragement, for had we calculated the correct A, frequencies of 
naphthalene-d, using a quite unrealistic force field, then we would expect the 
results it gave when used to calculate the other frequencies to be no better than the 
results of the second calculation. 


Discussion 


The naphthalene problem is now at the stage that every time new information 


comes to hand, a new choice of over one hundred fundamental planar frequencies 


has to be made. This is a rather tedious process, and since the information we 


contribute, namely, a set of calculated results, is not yet so precise that it carries 


authoritative predictive weight, only a few salient points will be noted. Certainly, 


we do not pretend that our assignments are final: so long as there is one severe 


discrepancy between calculated and observed frequencies we cannot be sure there 


is no other; and species B,, contains such a discrepancy. So we have simply 
selected from among the reasonable contenders for a particular place in the set of 
fundamentals the one most compatible with our calculated figures. We have 
tried to make sure that combination assignments are available for strong bands 


which we do not regard as fundamentals, and we have also heeded the dictates of 
the product rule, though with some misgivings since one incorrect assignment can 
then readily beget another. 

To facilitate comparison between calculation and experiment we have marked 
in Table | all cases in which 3 -v». > 50em-. An absolute, rather than a 
percentage error, has been chosen because the high (> 1000 em-') frequency 
spectrum is much more crowded than the low, and the fit to observed frequencies 
needs to be closer, proportionately speaking, to carry equal conviction. Detailed 
comments now follow. 

(a) Species A,. The assignments for naphthalene-d, on which this calculation 
is based are strongly reinforced by a recent study (Craia ef al. [12, 20]) of the 
electronic absorption system which begins at 3200 A. In particular, the frequency 
943 cm~, which at the time we performed the second of our iterative calculations 


eale 


[20} D. P. Craic, J. M. Hoiias, M. F. Repies and 8. C. Warr. To be published, 
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appeared to be a reasonable alternative A, frequency, has been shown to be of 
species B,,. Again, the probable upper-state fundamentals of this transition [20] 
all lie distinctly close to the chosen ground-state fundamentals, except only that 
an upper-state counterpart of 1571 cm~! is not seen in absorption. Compatibly, 
though, 1571 em~! is also absent from the 3200 A fluorescence [21, 22}. A similar 
correspondence between ground and excited state A, frequencies can be discerned 
in the electronic absorption system which begins at 2900 A, as measured by 
SPONER and Cooper [23]. The same kinds of evidence equally strongly apply to 
the A, frequencies of napthalene-d,. There is thus full accord with Craig, Scumrip 
[3], and [5] and ourselves about the correctness of [9] 
A, frequencies. 

For this species, only, we include assignments for naphthalene-f-d,. These 
frequencies were taken from SHATENSHTEIN ef al. [24], who measured the Raman 
spectra of all four isotopic variants in the course of research into preparative 
methods. Their report is not very detailed, and assignments were not offered. We 
felt ourselves justified in picking out only the A, frequencies, because they are 
much more intense than the others. They agree so well with the predicted 
frequencies that there can be little doubt that their preparation of naphthalene-j-d, 
gave the intended product. 

(b) Species B,,. The calculated frequencies gratifyingly include a frequency 
reasonably close to the newly identified 506 cm~! fundamental |{12]. As an 
illustration of the difficulty of fitting these low frequencies we may cite for 
comparison SCHMID’s computed figure of 320 em~!. The remaining B,, assignments 
include one novelty, viz. 1099 cm~'!, regarded by the only authors who use it at all 
|7, 8} asa B,, mode (though the two species cannot be distinguished experimentally 
in the Raman). If 1099 cm~' is indeed a B,, mode, then it could appear in the 


3200 A emission spectrum: there is evidence that it does [22]. 


(c) Species B,,. These assignments are experimentally rather secure. The 
pattern of our results is generally satisfactory though the highest frequency is 
(again not untypically) rather poorly predicted, and the effect of deuteration on the 
three highest frequencies is apparently misrepresented. The low frequencies are 
particularly well fitted if one accepts the choice of 752, 721 em~! (-d,, -d,) instead 
of 620, 593 em~! (-d,, -d,). 

(d) Species B,,. There is considerable disagreement among previous authors 
about these assignments, but our results are still in difficulties. The greatest 
uncertainty attaches to the highest of the skeletal frequencies. Experimentalists 
have all chosen either 1680 or 1720 cm~'!, except for BRUHN and Mecxe |11] who 
rejected both in favour of 1360 cm~!, on the basis of a detailed study of combination 
bands in the CH stretching region. However, ScuLLy and Wutrren [1] have 
reasonably accounted for the high-frequency bands of naphthalene-d, as intense 
out-of-plane combinations, and our calculations clearly support their conclusion. 
Indeed, never did we succeed with a reasonable valence-force field in obtaining a 


O. Scunerr and D. 8. McCiure, J. Chem. Phys. 20, 1375 (1952). 

D. E. Freeman. To be published. 

H. Sroner and C. D. Cooprr, J. Chem. Phys. 24, 646 (1955). 

A. I. SHATENSHTEIN, S. V. Perecupov, E. A. Izraetivicn and U. R. KatinacHenko, Zhur. 
Fiz. Khim. 32, 146 (1958). 
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specially high skeletal B,, frequency: Scumip did, however, predict 1700 em", 
though his calculations met other difficulties lower down in the list. If we identify 
our 1546 cm~! calculated frequency with the observed infra-red band at 1509 em~', 
we are still in difficulties with our calculated 1491 em, for which only 1360 em~? is 
experimentally available—the sole inescapable grave discrepancy in the present 


work for which, however, a possible explanation is offered in (j) below. For the 
lower frequencies reasonable assignments are available, but because of difficulties 
among the higher frequencies it is likely that this calculation would be considered 
to argue strongly only for the lowest two. 

(e) CH stretching frequencies. Owing to the lack of accurate CH bond lengths, 
the difficulty of estimating anharmonicity, and the scarcity of experimentally 
agreed frequency data, no serious attempt was made to fit these frequencies. 
Nevertheless, they were throughout included in the calculations, and for complete- 
ness the results are included in Table 1. The experimental assignments, other than 
for the B,, species of naphthalene-d, | 11] and certain polarized Raman frequencies, 
must be regarded as speculative. 

(f) Out-of-plane frequencies. The assignments of Table | have used no crucial 
out-of-plane frequencies, and the present work does not contribute enough to this 
part of the problem to justify a new assignment. 

(g) Force constants. Too much significance must not be read into the values 
found for the force constants. It is, however, interesting to note that there is 
some correlation between CC bond lengths and the corresponding stretching force 
constants. The values of the first four constants listed in the Appendix represent 
values adjusted from the benzene figure of 5-553 mdyn/A (WHIFFEN [13}) to allow 
for bond-length differences. An empirical length—force-constant curve derived 
from simple molecules was used. It was, of course, a wild surmise that such 
curves should have any validity in naphthalene, but in fact the final values of these 
constants do still show the constant for the «, 6 bond (the shortest CC bond in the 
molecule) to be the largest: in the second of the calculations, based on incorrect A, 
frequencies, there was, in contrast, no correlation between force constant and bond 
length. Finally, it is rather striking that the iterative improvement process 
decreased the absolute values of practically all the constants, except for two 
stretching constants. The basic suitability of the valence field is perhaps best 
indicated by the fact that the interaction constants had at no time to be con- 
strained to remain small. 

(h) Normal modes. Fig. 2 depicts the calculated normal modes of naphthalene. 
It is of considerable interest to compare them with ScuMiIp’s |3] figures with which 
we were prepared, in view of the very different force field and resulting frequencies, 
to find many points of difference. In fact, there is a surprising measure of agree- 
ment. Thus, among the A, vibrations the sole obvious difference is in mode (3), 
where we find a considerable central-bond stretching amplitude, Scumip a 
negligible one. Each of us, on the other hand, finds large central-bond motions in 
modes (5) and (8). Again, we are agreed that there is no single molecular breathing 
frequency; instead the breathing motion, considerably overlaid by skeletal and CH 
bending, is shared by modes (7) and (8). In the other symmetry species equally 
close agreement is found. We are therefore inclined to agree with Scumip that the 
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The planar vibrations of naphthalene 


forms of the normal modes of naphthalene must by now be qualitatively fairly 
secure, 

Previously, Lipprxcorr and O’Reriiy [6] had proposed a schematic set of 
skeletal vibrations, and, having picked out the skeletal from the CH bending modes 
on the basis of deuteration shifts, they assigned these schematic vibrations to 
particular experimental frequencies. Comparison of their figures with ours 
suggests that the modes they propose are rather too idealized to be useful. 
Additionally, we make many different identifications of actual frequencies. This 
is hardly surprising considering that, among the A, vibrations for example, there 
is not a single mode in Fig. 2 that does not have a substantial skeletal component. 
The two modes in this species which most nearly merit being described as CH bends 
are numbers (4) and (6). That they have not previously been so designated in the 
course of any of the experimental investigations is explained by Fig. 3, which gives 
the normal modes of naphthalene-d,. Here it appears that the 4, modes (4) and (5) 
have exchanged their dynamical roles, and if this is not recognized the nature of 
the vibration will naturally be misinterpreted. 

This kind of interchange, consequent upon complete deuteration, is predicted 
to occur with several other pairs of frequencies as well, namely (by comparing 
Figs. 2 and 3) A, (6) and (7), B,, (6) and (7), B,, (5) and (6), B,, (3) and (4). The 
last of these we consider to be almost certainly a spurious prediction (see Section (j) 
below). For the rest we may hope to find some experimental confirmation from 
the band intensities. In some cases such comparisons are quite striking. Thus the 
intensities of the A, modes in the Raman unequivocally invert with deuteration, 


precisely as predicted by the normal co-ordinate figures. These intensities are: 


Naphthalene-d,| 9} -d B-d 


1460 em! (Int. 6) 1397 (20) 1413 (3) 1381 (20) 
1379 (15) 1355 (1) 1380 (10) 1293 (3) 
1144 (3) 1095 (4) 1030 (4) 866 (10) 
1025 (8) 864 (7) 853 (2) 835 (6) 


For B,, (5) and (6), however, the observed intensities, while widely different, do 
not change over on deuteration, and we are obliged to conclude that our predictions 
are wrong. Probably this is because the frequencies of naphthalene-d, have been 
calculated to lie much too close together than they are (granted our assignments) 
in reality. In the case of B,, (6) and (7), the observed Raman intensities are both 
too low and too similar to enable an interchange to be discerned among them. 
Nevertheless, strong evidence for the reality of this exchange of dynamic form, on 
deuteration, is found in the electronic spectrum [12, 20]. In naphthalene-d, the 
B,, frequency 936 em [mode (7) on our assignment] is a key vibration; in 
naphthalene-d, its role is taken over, not by 784 cm~! [our mode (7)], but by 881 
cm~! {mode (6)] instead, just as Figs. 2 and 3 would lead us to expect. 

(i) Comparison with other assignments. It is not surprising perhaps that, having 
started from the same point, we and ScuLLy and WuHirFreEN [5] should have reached 
very similar conclusions about the experimental fundamentals. Only in species 
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Fig. 2. Calculated normal co-ordinates of napthalene-d 9. 
length to the central CC bond corresponds, in the zero point motion, to a displacement of 
vy 12 A (for hydrogen atoms). In the diagrams of 
2. for 


0-025 A (for carbon atoms) or 0-025 
modes B,, (8), B,, (8) and By, (8) all displacements have been further divided by 
clarity. 
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Fig. 3. Calculated normal co-ordinates of naphthalene-d,. A displacement vector equal in 
length to the central CC bonds correspond, in the zero-point motion, to a displacement of 
0-025 A (for carbon atoms) or 0-025 4/6 A (for deuterium atoms). In the diagrams of 


modes B,, (8) and B,, (8) all displacements have been further divided by 2. 


1405 


1 


t + | } 
j i 3 4 
> L J \ 
/ 
/ \ \ / 5 6 | 
Sy A = = 
] 6 | 
19060 | 
{ 3 4 
9 


Daryt E. Freeman and Ian G. Ross 


B,, do our assignments and theirs differ seriously. With Scumrp [3] there are 
naturally more discrepancies. The calculation of O'CONNELL [4] started from 
Liprrxcorr and O’REy’s [6] assignments and used TORKINGTON’s [25] method 


of progressive rigidification to arrive at force constants in terms of symmetry 
co-ordinates; we are very doubtful about the applicability of this method (with- 
out refinement) when the normal modes are of very mixed character, but in any 
event there are no effective comparisons to be made in this case. 

Among the experimentalists we are in best accord with Lurner [9], and in 
almost complete agreement with Bruny and Mecxe [11], who did not, however, 
assign the lowest two frequencies of each class, or study the deuterated compounds. 

j) Influence of Kekulé structures. We now offer a reason why the stretching 
modes of species B,, may be particularly difficult to reproduce with a field of the 
kind chosen. In benzene there is one frequency (¥,,) whose accepted value 
(1309 em~) [26] is particularly low. For example, it is the one frequency which 
Caurraxo and Crawrorp’s [14] Urey—Bradley field calculation singles out as 
particularly difficult to accommodate, and indeed their calculation as it stands 
suggests that it be reassigned back to 1648 cm~', as HERZFELD ef al, [27] originally 
suggested: however, experimental evidence still comes down in favour of the 
lower value [28]. Now this is the frequency which carries benzene towards one or 
other of the two Kekulé structures, and because this distortion is particularly 
compatible with the requirements of ordinary valence, it has been suggested that 
the resistance to it should be abnormally low. 

Now consider naphthalene, to which the same argument should apply. There 
are three Kekulé structures: 


A B B’ 


if we interpret the figures as displacement diagrams, double bonds signifying 
contractions and single bonds extensions, then it is seen that the two Kekulé 
structures B and B’ represent displacements of equal magnitude but opposite sign 
along a symmetry co-ordinate of species Ba, To structure A there is no opposite- 
phase Kekulé counterpart; hence any readiness to deform towards this structure 
cannot contribute quadratic terms to the potential. It may, however, induce a 
large anharmonicity in vibration A, (5) which, according to Fig. 2, is the vibration 
in which this type of motion predominates. This would not, however, seriously 
disturb the transferability of A, force constants to other symmetry species, since 
the central bond stretching force constant influences only the A, modes, and much 
of the anharmonicity of A, (5) must be taken up in the compromise value of this 


constant. 


P. Torkrxeton, J. Chem. Phys. 17, 357, 1026 (1949); cf. M. LARNAUDIE, J. Phys. Radium 15, 365 
(1954). 

1296) R. D. Mare and D. F. Hornte, J. Chem. Phys. 17, 1236 (1949). 

N. Herzrevp, C. K. and H. G. Poors, J. Chem. Soc. 316 (1946). 

(28) S. Bropersow and A. Lanosers, Kgl. Danske Videnskab, Selskab, Mat. fys. Medd, 1, No. 1 (1956), 

R. 8S. MuuurKen, J. Chem. Phys. 23, 1997 (1955). 
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The planar vibrations of naphthalene 


On the other hand, at least one of the higher skeletal modes of species B,,, is 
likely to be lower than the calculated value, by anything up to 300 cm~ (ef. the 
quoted figures for benzene). Reference to Fig. 2 shows that the mode in which the 
Kekulé type of motion predominates is B,, (4). Now this is the frequency for which 
our results are in worst agreement with experiment: the calculated figures, 
granted Mecker’s assignment of 1360 cm~ for this vibration, is 130 em~ too high. 

In naphthalene-d, the calculations predict, inter alia, frequencies at 1464 cm~ 
(Kekulé mode) and 1412 cm~' (CD bend). Assuming that the former frequency 
has again been grossly over-estimated, we must correlate it, not with the observed 
frequency B,, (3) at 1403 em~!, but with e much lower frequency for which we have 
selected 1290 cm~'!; the 1403 cm~! vibration is then assigned as the CD bend. 
Accordingly, in Table 1, the natural order of these two calculated frequencies of 
naphthalene-d, has been inverted. 

The success of these considerations in rationalizing the anomalies associated 
with frequency B,, (4) strongly supports the view that deformation towards 
Kekulé structures should be treated separately from the other CC stretching 
displacements. There is, of course, no difficulty in adding to the valence field a 
special force constant specifically controlling this type of motion. 
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Appendix 
Constants of the Valence Force Field 


The list which follows gives the force constants used in the first and final steps 
of the iteration whose eventual predictions are given in Table 1. The A, frequencies 
in the first step are quoted in the text; for the other species similarly indifferent 
figures were obtained. The field which follows is not as sophisticated as it is 
complicated. The identities which link the values of many of the constants were 
postulated, rather than deduced, or else were arrived at by arguments too 
speculative to be worth quoting here. The initial values themselves are based on 
WHIFFEN’s [13] figures for benzene, adjusted in a manner suggested by the 
irregularities of the molecular geometry, and then further transformed in the 
course of preliminary trials. In the course of the iteration we did explore the effect 
of permitting each constant to vary at least once, in case the convergence was 
thereby particularly accelerated, but mostly the variation was confined to seven 
constants chosen for the flexibility we hoped they would confer. 

The constants are named with reference to the internal co-ordinates of Fig. 1. 
The symbols signify the elements in a matrix of force constants, referred to internal 
co-ordinates. Symmetry permits one of the numerals which distinguish 
symmetrically equivalent co-ordinates always to be taken as 1, and thus to be 
omitted. Thus the coefficient of s,f, is the same as that of s,t, and can be abbreviated 
to st,. For each coefficient the two values quoted refer to the initial and final 
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calculations, in that order. The units are mdyn/A for stretching constants, mdyn 
for stretch—bend interactions, and mdyn A for bending constants. 

Diagonal: rr,: 6-250, 5-996; ss,: 4-°730, 5-247; 4-800, 5-191; wu,: 5-030, 
4-789; vr, = ww,: 5-093, 4-967; aa, = 2-000, 1-597; 2-474, 1-857; 
= b’b’;: 1-016, 1°025. Off-diagonal: su,: 0-633, 0-342; rs, = st, = 884: 
0-633, 0-496; 0-198rs, = 0-198tu, = sty = ruy = ry = 88: O-113, 0-050; 
18, = 88, = 1%, = 1%, = 18, rt, = st, = tt,: 0-573, rv, = ru, = wt, = 
sv,;: 0, 0-032; ab, bb, = 8-33cc, = 0-719ac,: 0°357, 0-142; —0-267, 
0-264; cey: 1-630, 1-355; a’b’, = —b’b’,: 0-014, 0-018; 0, 0-092; va, = 
0, 0-003; ra, = rb, = sa, = bt, = —0-889sc, = —1-143sc,: —O-245, 0-192; 
cu,: 0-200, 0-190; rb’, = sa’, = sa’, —ra', th’: 0-047, 0-071; vw, = wy: 
0-025, 0-098; va',: 0, —0-009; all others zero. 

The redundancy equations are: 
species A+ B+C=0 

1-6580A + 3-41650 — 0-7180R + 0-6906S — T + 1-4142U = 0. 
species B,,: 1:9727 A — B + 0-9931C + 1-2125 R + 1-22838 = 0. 
species B,.: A+ B+C = 0. 

1-6580 A + 3-4165C — 0-7180 R + 0-6906S — T = 0. 
species B,,: 1:9727 A — B + 0-9931C + 1-2125 R + 122838 = 0. 

In these equations capital letters stand for normalized symmetry co-ordinates, 
constructed from the corresponding internal co-ordinates, of the indicated symmetry 
species; e.g. in species B,,, A stands for }(a, -+- a, — 43 — a4). 
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Abstract—The vibration frequencies, infra-red and Raman intensities of naphthalene are 
calculated. Relevant constants are transferred from benzene and a preferred assignment is 
given in Tables 1 and 2. 


Introduction 


Despite a considerable amount of work on the Raman [1-8], infra-red [2, 3, 9-13] 
and ultra-violet [14] spectra of naphthalene the assignment of the fundamental 
frequencies of this molecule has not yet been made with certainty. Some assistance 
can be obtained from force constant treatments [15, 16] and a force field derived 
by transforming constants from benzene [17] has proved helpful in the out-of-plane 
classes [15]. A similar transference for the in-plane classes has now been made and 
in addition approximate intensities calculated, again by transference from benzene 
{18, 19]. In some classes the assignment now seems reasonably clear but in others 
some doubts remain. In the later stages of this programme the writers learnt that 
FREEMAN and Ross were undertaking a related computation. Their conclus‘ons 
[20] for the A, and B,,, classes are in agreement with the present work but they have 
a slightly variant assignment for B,, and a seriously different assignment in the 
B,,, class. 

Until the assignment is tolerably certain it is premature to adjust the force 
constants to obtain exact agreement between calculated and observed frequencies. 


* The present address of D. H. Wu1rren is the National Physical Laboratory, Teddington, Middlesex. 
H. K. FetpmMawn and B. Hampet, Z. Elektrochem. 59, 1008 (1955). 
|2) E. R, and E, J. O’ Retry, J. Chem. Phys. 23, 238 (1955). 
[3] S. 8S. Mrrra and H. J. Berstrer, Can. J. Chem. 37, 553 (1959). 
J. BRanpMULLER and E. Scumip, Z. Physik. 144, 428 (1956). 
|5| H. Luruer and B. Hampe., Z. physik. Chem. (Leipzig) 202, 390 (1954). 
{6| J. Govsgeav, H. Lutrwer, K. FeLpMAN and G. Branpes, Chem. Ber. 86, 214 (1953). 
[7| M. V. Srery, A. MascuKa, F. WoLiRAB and W. GniLsen, Z. Phys. Chem. (Leipzig) 201a, 261 (1952). 
|8| W. G. Braun, D. F. Spooner and M. R. Fenske, Anal. Chem. 22, 1074 (1950). 
H. Lurner, G. Branpes, H. and B, Hampet, Z. Elektrochem. 59, 1012 (1955). 
|10| W. B. Person, G. C. Prwentrer and O. Scunepp, J. Chem. Phys. 23, 230 (1955). 
{11) G. C. Pimenrer, A. L. MeCLecian, W. B. Person and O. Scunepp, J. Chem. Phys. 23, 234 (1955). 
[12] A. L. MeCLeLuan and G, C. Pimente., J. Chem. Phys. 28, 245 (1955). 
[13] W. Brunn and R. Mecxe, Z. Elektrochem. 62, 441 (1958). 
[14] D. P. Crate, J. M. Houwas, M. F. Reptes and 8. C. Warr, Proc. Chem. Soc. 361 (1959). 
|15| D. B. Seuiiy and D. H. Wuirren, J. Mol. Spectrosc. 1, 257 (1958). 
[16] E. W. Scumip, Z. Elektrochem. 62, 1005 (1958). 
[17] D. H. Warren, Phil. Trans. Roy. Soc (London) A 248, 131 (1955). 
(18] H. Speppine and D. H. Warren, Proc. Roy. Soc. (London) A 238, 245 (1956). 
(19] D. H. Warren, Proc. Phys. Soc. (London) A 69, 375 (1956). 
{20| D. E. Freeman and I. G. Ross, Spectrochim. Acta 16, 1393 (1960). 
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A general valency form of the force field contains more force constants than are 
required and must be reduced to independent form by use of the redundancy 
conditions between the valency co-ordinates. This means that the form of the 
force field, the choice of valency symmetry co-ordinates and the G-matrices are 
not uniquely determined and may each have a number of forms leading to the same 
calculated frequencies and intensities providing a self consistent choice of variables 
is employed. Consequently only the force constants used and the end results of the 
calculation are presented here; the algebraic details have been given elsewhere [21]. 


Principles of the transference from benzene 
The starting point has been the Latin (i.e. valency) force constants given for 
benzene by Wurrren [17]. The individual rings of naphthalene have been assumed 
to be regular hexagons of sides 1-40 A and the reduction of the complete valency 
force field was made in such a way as to remove just those Latin constants for each 
ring as were removed for benzene. There remain the valency terms arising from 
the simultaneous distortion of both rings which clearly have no counterpart in 
benzene itself. Originally all of these were omitted but an inspection of the results 
obtained, especially for the frequencies in the range 1400-1800 em~'!, suggested that 
interaction between adjacent carbon-carbon bonds in different rings, e.g. the 8—9 
and 9-1 bonds, was important. Such interactions were therefore included with the 
same constant, d,, as was used for adjacent bonds in the same ring. All other 
interactions between rings were set equal to zero except for the adjacent ring 
angles at C, and C,,. The distortions here were treated so that an angular distortion 
at C, and C,, produced the same energy as an equivalent distortion at other 
positions. 
In the abbreviated nomenclature and units of FREEMAN and Ross [20] the 
valence force constants used are: 
uu, = 5-553; vv; ww, = 5-093; aa, = bb, 2-021; 
a‘a, = b'b,’ = 0-953; su, = rs, = rt, = 8s, = 0-633; 
0-575; st, = ru, = rr, = 88, = 0-113; ecg = ab, = bb, = ac, 
0-363; cc, = 1-621; a’b,’ —b'b,’ = 0-013; ra, = rb, = sa, = bt, 
cu, 0-252; ra,’ = —rb,’ —sa,’ = tb,’ —0-045; sb,’ 


8c 


ua,’ rb, —ta,’ — 0-066: sb,’ 8,’ ra, —ub,’ 
—0-045; a’b, b'a, a‘e, 0-186: 
rw, = ww, = 0-025; vw, = 0-008; vr, 0-040; a’b,' = 0-020; 


= 0-021, 

For infra-red intensities the dipole moment gradient for C—H stretch and 
C—H bend were again taken from benzene [18] and it was assumed that ring 
distortion produced no dipole moment change. 

For Raman intensities the polarizability gradients were based on benzene [19]. 
However, the B classes contain the rotational degrees of freedom and the transfer- 
ence must be made in such a way that the static molecular polarizability agrees 
with the experimental value [22]. In view of this adjustment and the diminished 
21) D. B. Sewiry, Theoretical Studies on the Vibrations of Naphthalene. Thesis submitted to London 


University (1960). 
22} ApHam Raman, Proc. Indian Acad. Sci. A 1, 425 (1935). 
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Calculation of the vibration frequencies of naphthalene 


certainty of the benzene values, the Raman intensities and polarization data 
calculated cannot be taken as more than a very rough guide. 


Results and assignment 

The molecular axes have been chosen as recommended by MULLIKEN [23] with 
the z-axis perpendicular to the ring and the z-axis passing through carbon atoms 
common to both rings. This means that the class designation agrees with FREEMAN 
and Ross [20] and with the recent ultra-violet work [14] but differs from some of 
the vibrational studies. Tables 1 and 2 show the results of the calculation of the 
frequencies and intensities for C,,H, and C,,D,. The earlier [15] out-of-plane 
figures are repeated for completeness and to give the calculated intensities. Also 
a numerical error in the A, class has been corrected. 

A, class. The A,class frequencies can often be selected on the basis of polarized 
Raman lines and almost all investigators are agreed that for C,,H, the values 
1579, 1379, 1025, 763 and 512 cm~! must be included on this basis. The calculations 
suggest that additional frequencies with fairly weak, partially polarized Raman 
shifts should be near 1415 and 1129 cm~ and the values 1460 and 1144 cm~ fulfil 
these criteria and have been suggested as A, fundamentals. There remain only the 
C—H _ stretchings which are near 3055 cm! but neither the calculations nor 
experimental results serve to assign this region more precisely. Apart from the 
lowest frequency the calculations support this assignment throughout and this 
class provides a measure of the closeness of fit to be expected by a transference 
from benzene. This assignment has been given on three other occasions [1, 16, 20). 
Here and elsewhere the exact C—H stretching frequencies are assigned largely on 
intensity grounds and no special reliability is claimed. 

The C,,D, frequencies at 1553, 1381, 866, 698 and 499 cm~! are given as A, by 
most authors and the calculations indicate a frequency near 1255 cm~! while 

293 cm~! is a clear candidate from the experimental evidence. Apart from the 
C—D stretches, the remaining frequency is calculated to be near 818 cm~! for 
which the value 835 em~' is chosen. This is preferred to 770 cm~!, the best alterna- 
tive, because the corresponding C,,H, frequency had a calculated value 1003 em~! 
slightly below the observed 1025 and because 770 is satisfactorily 
assigned as B,, frequency [15]. 

B,, class. There is no clear reason to vary the earlier assignment [15] of the 
out-of-plane classes, B,, and B,,. Excluding the two C—H stretches, C,,H, has 
four calculated B,, frequencies above 1000 cm~ and the strongest Raman lines not 
assigned to the A, class are at 1624, 1436, 1240 and 1168 em~! which are in sur- 
prisingly good agreement with the calculations. The calculated intensity for the 
next fundamental at 987 cm~ is very low and it is not certain that this line would 
be easily observed. CraiG and co-workers |24] on the ultra-violet spectrum have 
suggested 936 cm~! and this is in agreement with the calculation. They have also 
given strong evidence [14] for 506 cm~! as the lowest frequency; the corresponding 
Raman line would be masked by the very strong A, line at 512 cm~'. 

The four higher lines have clear counterparts in C,,D, at 1573, 1330, 1030 and 


R. S. J. Chem. Phys. 28, 1997 (1955). 
[24] D. P. Crate. Personal communication, 
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Table 1. g-Classes 


Product ratio: theory 4-00; assigned frequencies 3-76 
CDs 
Ass. Int. p 


3075 0-21 3055 200 0-25 
3049 0-51 3025 250 0-49 
1625 0-60 1579 30 0-52 
1415 0-65 1460 16 0-47 
1299 0-18 1379 14 0-14 
1129 0-64 1144 140 0-13 
1003 0-14 1025 } 12 0-43 
823 0-15 763 50 0-18 
398 0-27 512 7 0-60 


B,, Product ratio: theory 1-89; assigned frequencies 1-79 
CyoHy 


Product ratio: theory 
‘wH, 
Ass. 


980 

875 754 

778 665 
ea. 500? 429 


Product ratio: theory 3-75 ; assigned frequencies 3-72 
Cy oH, ( 19s 
Ass. , Int. 


3074 7 3055 2303 sv 
3064 3055 2282 10 
1639 1624 1601 0-4 
1424 1436 1316 SO 
1226 1240 1005 40 
1127 1168 949 

987 936 800 


dis 506 355 


y = calculated frequency. Int. intensity in arbitary units. p = depolarization ratio, Ass, 
assigned frequency: exact numerical values are based on [1}. 


#29 cm~! and the lowest is again likely to be hidden by the strong A, line at 499 
em~'. The remaining frequency is likely to be somewhat less than the calculated 
800 cm~! and of very weak intensity. Raman shifts of 784 and 760 cm~'! are 
observed but have plausible explanations as B,, and B,, frequencies. In view of 
the weakness of the calculated intensities in both the B,, and B,,, classes 784 em-* 
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A, 

2272 

1553 

1381 

1293 

866 

698 

499 

Int. Ass. Int. Ass. 

na 920 0-7 ea. 945 751 2 784 

704 0-5 715 528 2 545 

ae 365 4 392 316 3 346 

. 

By, 1-84; assigned frequencies 1-79 VC 

Int. v Int. Ass. 10 

971 0-2 0-8 ca, 829 

881 0-6 l 760 

» 770 7 12 663 

a = 485 3 3 445 

As, 

2302 

2272 

1573 

1330 

1030 

929 

‘64 

40 ca. 490 
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Table 2. u-Classes 


Product ratio: theory 2-00 


185 


Product ratio: theory 3-85; assigned frequencies 3-82 
Int. Ass. , Int. Ass. 


3079 2-0 3056 2306 0-08 2295 
3064 0-3 3029 2294 1-2 2273 
1586 0-04 1595 1525 0-00 1545 
1414 0-1 1389 1339 0-00 1260 
1285 0-2 1265 1041 0-1 1037 
1144 0-2 1125 907 Ol S85 

S78 0-00 ca. 810 762 0-03 734 

412 0-02 362 375 0-02 328 


Product ratio: theory 3-85; assigned frequencies 3-76 


16 
1060 Int. Ass. Int. 


3056 2289 
3029 2279 0-2 
1509 1470 0-02 
1361 1415 0-04 
1209 1085 0-03 
1144 863 0-01 
1008 S13 0-4 
618 730 0-01 


2 
0-2 


— 
= 


Product ratio: theory 1-93; assigned frequencies 1-93 
wll, 10s 
Int. Ass. , Int. Ass. 


962 0-5 955 798 790 
759 4 780 594 y 628 
445 OD} 478 382 408 
177 0-2 176 163 160 


v calculated frequency. Int. intensity x 10-7 cm* molecule~!sec~", Ass. assigned frequency: 
exact numerical values are based on [9]. 


has been assigned to both classes it being assumed that the double nature is not 

apparent in the spectrum. This assignment differs from most earlier authors and 
is closest to that of LuTHER [1]; his suggestions certainly require modification in 
2 the light of the new experiments of Crate et al. [14, 24]. It provides a satisfactory 
product ratio. 


A, 
1H, 
y Ass. v Ass. 
1022 970 829 
807 841 648 
594 581 
207 ? Zz 
: 
VOL. : By, 
Ass. 
3051 2258 
1543 1385 
1437 1318 
1198 1082 
1144 ob 873 
1032 828 
704 om 593 
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B,. class. For infra-red bands assistance in the assignment can be obtained 
from the infra-red vapour contours [12] and the crystal spectra in polarized light 
[9-11]. There appears to be unanimity in the assignment of the out-of-plane B,, 
class and considerable agreement in respect of the B,, class. All authors choose 


1595, 1389, 1265, 1125 and 362 em~' as B,, frequencies of C,,H,andthecounterparts 
in C,,D, at 1545, 1260, 1037, 885 and 328 em~! seem fairly clear. The majority of 


authors choose 618 em~! for C,,H, and 595 for C,,D, as the remaining frequencies, 


10 
but these values are considerably lower than the present calculations and are not 
strongly supported by contour or polarization data. There is a C,,D, band at 
734cem~' of undoubted B,, character and this is acceptable as regards the calculation. 
If this is used to complete the C,,D, assignment a value of ca 810 cm~ is required 
by the product rule for the missing C,,H, fundamental. The observed feature at 
$23 cm~' has the wrong polarization characteristics in the solid but this band and 
the very strong B,, fundamental at 791 cm~! obscure the region and a band of even 
ten times the calculated intensity could be missed. 

B,,, class. There is general agreement that the peaks at 1509 and 1008 cm™! 
relate to B,, fundamentals of C,,H, and the present calculations suggest that three 
others lie between these values. Bands at 1361, 1209-1236 and 1144 cm™ are of 
at least medium intensity and are not required in other classes. It is difficult to 
choose between 1209 and 1236 cm~! and it may be that a combination band has 
borrowed intensity from the fundamental by Fermi resonance. The lowest B,, 
frequency is calculated to be weak in infra-red absorption at 794 cm~ and this 
frequency is very sensitive to interaction force constants between the rings. 
Possible values are 823, 712 and 618 em~! of which the higher two appear to have 
the wrong symmetry while that of the 618 cm~' band appears to be in doubt [11]: 
chiefly on this account the 618 cm”! assignment is preferred. A consistent C,,D, 
assignment is possible. 

B. class. An error has been discovered in the earlier treatment [15] of the 
inactive A, class and revised figures are given in Table 2. There is no reason to 
change the assignment of the higher frequencies all of which are associated with 
stronger absorption in the solid than in solution. The value 285 cm~ suggested 
for the lowest frequency now appears too high and the value may be nearer 200 
em~' which would improve agreement with the thermodynamic properties [25]. 


Conclusion 


There is reasonable agreement between calculated and observed frequencies in 
those cases where the assignment is certain, and the calculated values in the 
remaining cases are a useful guide. The intensities, although very qualitative in 
application, are also helpful. It may be concluded that for such important and 
difficult molecules as naphthalene a calculation with transferred force constants can 
be valuable 

This conclusion is enhanced by the similarity of the figures obtained indepen- 
dently by Freeman and Ross [20] which agree reasonably with the present ones 


[25) G. M. Barrow and A. L. MeCietian, J. Am. Chem. Soc, 73, 573 (1951). 
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Calculation of the vibration frequencies of naphthalene 


except for the B,, class where they find two frequencies below 900 cm~ in contrast 


u 


to one in the present calculation which places an extra frequency near 1200 cm~'. 
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Abstract Hypsochromic shifts produced by substitution in non-alternant aromatic hydro- 
carbons can be interpreted in terms of simple molecular orbital theory. On that ground, the 


NH, radical is best suited to bring about hypsochromic shifts. However, no such effect has 


been observed in fluoranthene, which therefore behaves like an alternant hydrocarbon. This 


could be ascribed to the reduced conjugation between the benzene and the naphthalene nuclei in 
uk 


this molec 


Introduction 
LA METHODE des orbitales moléculaires distingue les hydrocarbures polycycliques 
aromatiques alternants et non alternants [1]. En l’absence d’effet stérique, 
introduction d'un substituant dans un hydrocarbure aromatique alternant 
engendre toujours un déplacement bathochrome du spectre ultra-violet. Dans 
lazuléne par contre, un méthyle fait apparaitre un déplacement bathochrome ou 
hypsochrome selon la position de substitution [2]. Ce résultat est prévisible par la 
méthode des orbitales moléculaires [3] 

Le phénoméne peut étre interprété par l'intervention d'un effect mésomére 
provoquant toujours un déplacement bathochrome et d'un effect inductif, particu- 
lier aux hydrocarbures aromatiques non alternants, pouvant avoir une contribution 
bathochrome ou hypsochrome selon la position du substituant [4, 5]. Le déplace- 
ment global du spectre ultra-violet dépend alors de l'importance relative de ces 
deux effets. 


Spectres ultra-violets des méthylfluoranthénes 


En premiére approximation [4], l'effet inductif d'un substituant modifie la 
premiere transition électronique de: 
AE (Cyr* Car")O ‘ 


Dans cette EXpression, Cyr Ct Car sont les coefficients des orbitales atomiques de 


l'atome de carbone r portant le substituant, respectivement dans la plus basse 
orbitale libre (b) et la plus haute orbitale occupée (a). D’autre part, 6£," repré- 


sente la variation d'intégrale coulombienne de |'atome r. par suite de l introduction 


du substituant. Dans le fluoranthéne (Fig. 1), les coefficients Cor €t Car présentent les 
valeurs mentionnées dans le Tableau 1 [6]. 


. A. Coutson et G. 8S. Rusnprooke, Proc. Cambridge Phil. Soc. 36, 193 (1940), 
2| P. A. PLarryer et E. Hei_pronner, Helv. Chim. Acta 30, 910 (1947) 

3) B. Puttman, M. Mayor et G. Berruer. J. Chem. Phys. 18, 257 (1950). 
4 


H. C. Lonever-Hicerns et R. G. Sowpen, J. Chem. Soc. 1404 (1952). 
| C, A. Covisox, Proc. Phys. Soc London) A 65, 933 (1952). 
(6) B. Puttman. Communication personnelle. 
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Tableau 1 


Orbitale Symétrie Cy Cs Cy Cg 


antisym. 0,3484 0,1498 0,4040 —0,1250 —0,1986 
antisym. 0,2146 0,2146 0,3473 0,3473 0,2146 


L’effet inductif d'un substituant donneur d’électron (62£,” > 0) présentera une 
contribution hypsochrome en | et 3. Les spectres ultra-violets des 1- et 3-méthyl- 
fluoranthénes seraient done susceptibles d’étre déplacés vers les courtes longueurs 


Fig. 1. 


d’onde par rapport a celui de /hydrocarbure non substitué. Or, effet observé est 
uniformément bathochrome dans les cing méthylfluoranthénes [7]. Ce résultat 
reste cependant en accord avec les prévisions de la méthode des orbitales molé- 
culaires (voir Appendice) et doit étre attribué au fait que les valeurs des coefficients 
Cpr Ct Car dans le fluoranthéne rendent la contribution de |’effet inductif plus faible 
que dans l'azuléne, par exemple. Dans ces conditions, elle peut étre aisément 
masquée par la contribution bathochrome due 4a l’effet mésomére. 

Dés lors, lintérét d’envisager un substituant présentant un effet mésomére 
négligeable apparait clairement. Le groupe NH,* pourrait satisfaire 4 cette 
condition puisqu’il ne modifie pratiquement pas le spectre des hydrocarbures 
aromatiques alternants [8-11]. D’autre part, ce substituant doit manifester un 
effet inductif puissant: il semble done particuliérement apte & provoquer d’éven- 
tuels déplacements hypsochromes dans le spectre ultra-violet de dérivés non 
alternants. 

Résultats expérimentaux 

Les 3- et 8-aminofluoranthénes ont été synthétisés. Les spectres ultra-violets de 
ces dérivés, en solution dans l’éthanol azéotropique, présentent les maxima 
suivants: 


(a) 3-Aminofluoranthéne (éthanol azéotropique) 


Amax (mp) 420 368 350 342 328 317 270 247 
log ¢ 3,77 3,70 3,63 3,65 3,90 4,18 4,05 4,43 


H. W. Stupss et 8. H. Tucker, J. Chem. Soc. 227 (1954). 
| R. N. Jones, Chem. Revs. 32, 1 (1943). 
9| R. N. Jones, J. Am. Chem. Soc. 67, 2127 (1945). 
| R. N. Jones, J. Am. Chem. Soc. 63, 151 (1951). 
| D. Perers, J. Chem. Soc. 4182 (1957). 
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(b) 8-Aminofluoranthéne (éthanol azéotropique) 


Amax (mp) 408 364 346 324 301 231 


log 3.32 3,61 3,53 3,7: 4,52 4,51 


Le spectre du 3-aminofluoranthéne, en solution dans lhexane, a également été 
relevé. Dans ce solvant, la solubilité du 8-aminofluoranthéne est trés faible. 


(c) 3-Aminofluoranthéne (hexane) 


A max (mu) 400 368 361 350 342 327 305 299 29% 
log « 3.75 3,80 3,72 3,64 3,60 3,85 440 4,29 4,25 4,19 


Dans le but d’étudier |’influence du substituant NH,*, les spectres des 3- et 
8-aminofluoranthénes ont été relevés en tampon a pH = 2,4 [12]. 


(d) 3-Aminofluoranthéne (tampon pH = 2,4) 


Amax (mp) 410 360 343 327 276 265 246 236 


327 
log ¢ 3,34 3,93 3,90 3,79 3! 4.26 4,14 4,38 4,49 


(e) 8-Aminofluoranthéne (tampon pH = 2,4) 


Amax (mp) 357 306 289 287 283 278 259 235 
log « 3,91 3,90 3,79 3,65 4,56 4,60 4,45 4,49 4,40 4,72 


Le spectre ultra-violet révéle qu’a pH = 2,4, le 3-aminofluoranthéne n’‘apparait 
pas encore entiérement sous la forme de l'acide conjugué. Le spectre ultra-violet de 
ce dérivé a alors été relevé en milieu acide sulfurique molaire dans |’ éthanol azéo- 
tropique. 


(f) 3-Aminofluoranthéne (H,SO, M dans l'éthanol azéotropique) 


Amax (mu) 360 344 326 312 287 277 262 


3 
log 3,93 3,91 3,79 3,57 4,44 4,32 4,05 


Discussion 

Etant donné |'effet mésomére négligeable du substituant NH,~ et son puissant 
effet inductif capteur (6£," < 0), les coefficients rassemblés dans le Tableau 1 
laissent prévoir que les spectres ultra-violets des 3- et 8-aminofluoranthénes, en 
milieu suffisamment acide, présenteront respectivement un déplacement batho- 
chrome et hypsochrome par rapport au spectre de |‘hydrocarbure non substitué. 
Or, pour ces deux dérivés la plus lointaine bande d’absorption se situe respective- 
ment a 360 et 357 my, alors que dans le fluoranthéne on observe un maximum a 
359 my {13}. 


2) H. T. 8S. Brirron et R. A. Roprnson, J. Chem. Soc. 1456 (1931). 
(13) A. B. Putitman, E. D. Berean, G. Bertruier, FE. Fiscner, Y. Hirsnperc et J. Pontis, 
J. chim ph ya. 48, 359 (1951 . 
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Absence d’effet hypsochrome dans le spectre ultra-violet de dérivés du fluoranthéne 


Les écarts observés sont du méme ordre de grandeur que ceux provoqués par le 
substituant NH,* dans les dérivés alternants [11]. Compte tenu des différences de 
solvant, ils ne peuvent donc étre considérés comme significatifs. De ce point de vue, 
le fluoranthéne se distingue nettement d’un hydrocarbure non alternant typique 
comme l'azuléne, dont le spectre ultra-violet subit un déplacement hypsochrome 
considérable par suite de l’introduction du substituant NH,* en position 1 [14]. 

En ce qui concerne l effect des substituants sur le spectre ultra-violet, le 
fluoranthéne se comporte donc exactement comme les hydrocarbures aromatiques 
alternants. La méme remarque peut d’ailleurs étre faite si l’on considére l’allure 
générale du spectre du fluoranthéne. En effet, on y remarque les mémes systémes 
de bandes que chez les dérivés alternants [15], alors que les spectres de l’azuléne [16], 
de l'acénaphtyléne [13] du pléiadéne [17], de lacépléiadyléne [17], des fulvénes 
[18, 19], de Vheptafulvéne [20], du fulvaléne et de lheptafulvaléne [20] ont tous un 
aspect caractéristique bien différent. 

Ces propriétés particuliéres du fluoranthéne pourraient étre attribuées au fait 
qu il se comporte en réalité comme constitué, a l'état fondamental, de deux frag- 
ments alternants présentant peu d interaction entre eux. L/’indice trés faible 
(0,398) des liaisons 6a—-6b et 10a-10b confirmerait cette hypothése. 


Partie expérimentale 


VOL. (a) Synthese 
16 


10640 Par nitration du fluoranthéne dans l’acide acétique [21], on obtient le 3- et le 
8-nitrofluoranthéne. 

Le 3-nitrofluoranthéne est recristallisé dans l’acide acétique mais ne peut étre 
débarrassé des derniéres traces de son isomére que par chromatographie sur 
alumine. Le produit pur se présente sous forme de fines aiguilles orange fondant a 
165-165,5°C. Ce dérivé est hydrogéné sous 3 atm en présence d’oxyde de platine 
[21]. Apres recristallisation dans un mélange benzéne—éther de pétrole, le 3- 
aminofluoranthéne est obtenu en petites aiguilles jaunes fondant a 116—117°C. 

Le 8-nitrofluoranthéne peut étre recristallisé dans l’éther de pétrole 100—120 
mais est trés difficilement débarrassé de son isomére moins soluble. Le produit 
imparfaitement purifié est réduit en 8-aminofluoranthéne qui, aprés recristallisation 
dans |'éthanol, se présente en fines aiguilles jaunes fondant a 168—169°C. 


(b) Spectres ultra-violets 


Les spectres ont été relevés sur un spectrographe Zeiss type PMQ II. 


Remerciements—Nous remercions vivement Monsieur le Professeur R. H. MARTIN pour | intérét 
qu il n’a cessé de porter a ce travail. Nos remerciements vont également 4 Monsieur BELEVITCH, 
Directeur du Comité d'Etude et d’Exploitation des Calculateurs Electroniques (CECE) qui a 
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: | V. Borkecnerpe et G. K. Vick, J. Am. Chem. Soc. 78, 653 (1956). 

E. D. BercMan et E. Fiscner, Bull. soc. chim. France 1091 (1950). 
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| W. vow E, Dorrtne, Kekule Symposium, London, September 1958. Butterworths, London (1959). 
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Appendice 
Les niveaux énergétiques des méthyfluoranthénes ont été caleulés par la 
méthode des orbitales moléculaires, en utilisant pour la description du méthyle les 
paramétres de CouLson et CRAWFORD [22]. Toutes les autres intégrales coulomb- 
iennes et d’échange ont été considérées comme égales. Les résultats obtenus, 


exprimés en unités f, ont été rassemblés dans le Tableau 2. La numérotation des 


sommets du fluoranthéne correspond a celle de la Fig. 1. 


Tableau 2. Méthylfluoranthénes 


2 8 
2,92371 2.92002 2.92370 2.92303 2.91894 
2.35813 2.36071 2.35131 2.37494 
2.25398 2.67574 2.26779 2.23897 2.25036 

60471 1,60530 1,61346 61301 60498 
49567 1.49341 1.48211 49291 49605 
.21476 1.21359 1.21145 .21514 20400 
99313 0.99371 1.00000 00000 0000 
90414 0.90528 90378 89520 
37207 0,37109 ,37249 ,37102 387126 
61316 0,61328 60563 60576 61291 
.73955 0,74580 73820 .74279 73018 
97508 0.97487 00000 00000 00000 
, 14029 1,13049 , 13027 ,L0750 13310 
46252 1.45882 .44088 45444 ,41608 
65558 1.66836 69719 .70743 .71301 
99449 1.97881 94907 94612 94959 
33487 2.36588 2.36458 2.35501 2,38275 
61016 2.59255 2 60028 2 60518 2. 58565 


Les énergies correspondant a la premiére transition électronique sont alors 
respectivement, en unités 


0.98523 0.98437 0.97812 0.97678 0.98417 


Dans le fluoranthéne, | énergie de cette transition étant 0,98889 f [23], la théorie 
permet done de prévoir que l’introduction d’un groupe méthyle donnera lieu & un 
effet bathochrome quelle que soit la position de substitution dans cet hydrocarbure. 


C. A. CovuLson et W. A. CRAw rorp,. J. Chem. Soc. 2052 (1953). 
3} C. A. Couisown et R. Daupe., Dictionnaire des Grandeurs Théoriques Descriptive sdes Molécules Fasc 


III, pt. 1. C.N.R.S. 
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Vibrational mean-square amplitude matrices—X 
Cyclopropane molecular model 
S. J. Cyvin 


Institute of Theoretical Chemistry, Technical University of Norway, Tro ndheim, Norway 
(Received 27 June 1960) 


Abstract—The theory of harmonic vibrations of the cyclopropane molecular model of Dz, 
symmetry is considered For this model the forms of the Wilson G- and F’-matrices are given, 
along with the &-matrix, based on a set of symmetry co-ordinates. A particular study of the 
six types of interatomic distances is made, and the corresponding mean-square amplitudes 
of vibration are given as linear combinations of the =-matrix elements. 


THE subject of the present work is a theoretical study of the harmonic vibrations 
of the cyclopropane molecular model, viz. (XN YY’), of D,, symmetry. For some 
aspects of this theory previously published, references are made to [1] and [2]. 


Equilibrium parameters 
The equilibrium structure of the molecular model considered is determined by 
the following three parameters: (i) The equilibrium X—X distance, here denoted 
by D; (ii) the X—Y distance, R; and (iii) the equilibrium YXY’ angle, 2A. 
Any one of the non-bonded interatomic distances may be expressed by means of 
these parameters. One has: 


X,...Y, type: R* = (R* + D? — 2RD cos B)? (1) 
Y,...Y,' type: 7 = 2Rsin A (2) 
Y,...Y¥,type: 7* = D — 2Rcos B (3) 


Y,...Y¥, type: = (4R%1 cos? B) + — 4RD cos (4) 
The symbol B appearing in these equations denotes the equilibrium value of the 
XXY angle and is connected with the angle A through 


cos A 2 3"? cos B, cos 2A 1(5 — 8 sin® B) (5) 


Symmetry co-ordinates 
The twenty-one normal modes of vibration are distributed among the symmetry 
species of the D,, group according to 
r 3A,'+ A,’ + 42’ + A,” + 2A,” + 3E” (6) 
A proper set of symmetry co-ordinates have been constructed as normalized linear 
combinations of the co-ordinates r, d, ¢, 7, 9 and &. For the explanation of these 


vib 


[1] E. B. Witson, Jr., J. C. Decrus and P. C. Cross, Molecular Vibrations. McGraw-Hill, London (1955). 
{2} Hs. H. Génrnarp, R. C. Lorp and T. K. McCussry, Jr., J. Chem. Phys. 25, 768 (1956). 
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symbols, see Fig. | and the corresponding legend. The symmetry co-ordinates are 
given below. 

6 


3-2 
RD)" 2(y, 
12-*/4(2r, 


2d 


RD)"*(n, 
d.) 


RD)" —2y, 


Fig 1. Notation used for the ev« lopropane molecular model X,) e (Dy). The symbols 
denote deviations from the equilibrium distances and angles. In addition, the following 
ymbols are adopted (i 1, 2, 3): 

2 x,,); deformation 
Wagging 
twisting 
%4); rocking 


| 


Further explanations; 

r denotes one of the displacements r, or r,’, and in particular r,. 

r®* represents the displacements for a X . Yor X... Y' distance between non-bonded X and Y 

atoms, and for X, Y, in particular. 

d denotes one of the displacements d, and in particular d, 

t represents the Y . ¥’ displacements for a pair of Y atoms attached to the same X atom, and 

Y, Y,’ in particular 

t* represents the Y...Y and Y’... Y’ displacements, and Y,... Y, in particular 

t** represents the displacements at different X atoms. and in particular wre 
The corresponding capital letters, viz. R, R*, D, etc.. have been used to designate the 
appropriate equilibrium distances. The equilibrium XXY angle is identified by the 

symbol B, and the equilibrium YX Y’ angle is 2A. 
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S,(A,') ds) (7) 
+ + fs) } 
S(A,’) + Ns) (3) 

= Mg, — d, — d,) 

9) 

vs) 

S,(E’) 
S,,(E’) | 

(10) 

$a) 
1 

aa 

on 


Vibrational mean-square amplitude matrices 


S(A,”") = RD)"2(0, 

S,(A,”) = 6-%(r, + 1, 

S(A,") = 

= 12-(2r, — r, 

S,,(2") = RD)! 

S,,(2") = 

S,,(2") —2 + +0, (14) 
= — &5) | 


It should be noticed that the angle deformations ¢, 7, 6 and £ have been multiplied 
by the constant factor (RD)'?, in order to have the same dimension (length) for 
all of the co-ordinates. 
G-matrix 
The factorized G-matrix [1, 3-5] based on the symmetry co-ordinates given 
above has been evaluated. Its non-vanishing elements are specified in the following. 


Gy,(Ay’) 2uy cos* A + 
| 


= 3(D/R)(2ny sin® A + wy)S 
G,,(A,’) = cos B 
G(A,’) =[(D/R)(uy 4 buy) 4u cos B)(1/sin* B) 4(R/D)Cuy 
G,,(E’) cos* A My 
Gy(E’) x 
G4,(E R)(24 sin® A Hy) + cos BIS 3(R/D)Cu x 
GylE buy) — y cos B)(1/sin® B) A(R/D)Cu x 
cos B 
Ggg( sin B + 3(R/D)? cot y 
cos B — 4(R/D)\Cu x 
Gy cos B + y sin B 
— (R/D)"? cos y/sin B) 
G, = sin B 
[3] E. B. Wirson, Jr., J. Chem. Phys. 7, 1047 (1939). 


E. B. Jr.. J. Chem Phys. 9, 76 (1941) 
[5] J. C. Decius, J. Chem Phys. 186, 1025 (1948). 
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/sin® B) 

y sin® A My 

D/ cos" A )S 
*(D/ *Su y Sin 2B 
24 y sin? A My 

B) + (R/D)Sp y 
R\i2u cos* A My) l4cos B — 3(R 
*(R/ Dy’ Sin B 
cos B (R/D)\Su 


2! D/ ? cos B~-I(R Dy sin B 


Throughout these equations the symbols wy and wy are used to designate the 
inverse masses of the X and Y atoms, respectively. In addition, the following 
abbreviations have been adopted 


(1/sin® B) S (1 /sin® B) 4) (21) 
F-matrix 


considerations the complete harmonic potential energy 
function is found to contain twenty-seven force constants. The notation used for 


From symmetry 


the force constants being based on the initially chosen internal co-ordinates is 


Table 1. Force constants of the complete harmonic force field 


ot a eve lopropane ty pe molecule t > 


« RD) 


} The zeros occurring in this table are not approximations, but arise 


from restrictions on account of 
symmetry. 
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given in Table 1, from which the form of the complete harmonic potential energy 
function may be deduced. To make this clear one may write, for instance, 

where V is the potential energy, and the terms corresponding to the specific 
interaction force constant g,,’ have been put down. The elements of the sym- 
metrized F-matrix [1, 3, 4] are linear combinations of the force constants from 
Table 1, as specified in the following. 


= Gag + 
F3(A,’) = + 29,2’) 
F(As’) + (24) 
F,(B’) =k, +k,’ —k,” — 
F,(E’) = ka — ke’ 
Se 
Fy 
— kya’) 
= gag — Gat’ (25) 
F,,(E’) = 
F,3(E’) = — 9,2’) 
F,,(E’) 31/29,’ 
= 


F(A,") = fo 


F,,(A,") = k, — k,’ + 2k,” — 
= fe + 2fe’ 
= + 29,4’) 

F, (E’) =k, —k,’ —k,” 

= fo — fo’ 

= fe — Se’ 28) 


Fi = 69, 
= —3/ 
Fy3(F") 


| 
F,,(A;’) =k, +k,’ + 2k,” 
= kg + 
23 
: J 91/2;). — (25) 
VOL. 
16 
1060 
| 
of’ ‘ 
(26) 
| 
| 
& 
= 
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The F-matrix is connected with the G-matrix through the secular equation 
, 3, 6, 7): 
(29) 


which factorizes into separate equations for each of the symmetry species, in 
accordance with the symmetric structure given by equation (6). The characteristic 
values of the GF-matrix are proportional to the squares of the normal frequencies, 
viz. 


A, = (30) 


=-matrix 


A set of twenty-seven mean-square amplitude quantities has been based on 


Table 2. Mean-square amplitude quantities for a cyclopropane type molecule? 


rs 


+ See footnote to Table 1. 


the internal co-ordinates r, d, ¢, 7, 6 and & and are specified in Table 2. One has, 
for instance, 


Pr, = (RD)? (RD)? (RD)? 
(RD)? (RD)? (RD)? 
(RD)? = —(RD)2(rgn,) = 
(RD)? (RD)? (r,'n, (RD)? 


6) S. J. Cyvrs, Spectrochim. Acta 1§, 828 (1959). 
7) M. A. Exvtasnevicu, Doklady Akad. Nauk. S.S.S.R. 28, 604 (1940). 
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Vibrational mean-square amplitude matrices 
These expressions may be compared to equation (22). The elements of the sym- 
x, [6] are analogous to those of the 


metrized mean-square amplitude matrix, 
are specified in the following 


F-matrix given by equations (23-28), and 


= 
= 


(32) 


VC Le 
16 


1960 


6, + 6,” 20,” | 
= + | 
= + 20,4’) 
Pat + 2pag’ 
2! + 2p,z’) 
X(A,’) = ty + 21,’ (33) 
(2’) o, +6,’ | 
Ty 
— (34) 
) Pat Pat | 
= 
) 2! (prt Prt ) 
© 1 2 , 
pan 
) + 279’ (35) 
= — + 20,” — | 
TE > (36) 
(37) 
= — pre’) J 
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The &-matrix enters into the secular equation [6]: 
=G-' —E A = (38) 


which factorizes precisely in the same manner as equation (29), The characteristic 
values are related to the normal frequencies (v,) by 


A, = (h/87*v,) coth (hy,/2kT) (39) 


where / is the Planck constant, k the Boltzmann constant, and 7’ the absolute 
temperature. 
Interatomic distance deviations 
A representative set of six interatomic displacements in the cyclopropane 
molecular model has been expressed linearly in terms of the introduced internal 
co-ordinates with the following result. 


(40) 
(1/R*)[(R D cos B)r, (D R cos B) d, 


-}RDsin B x +m +6 + &)] 
d, 


=sinA x (7, + — 4( R/D)(cos? A/sin A) 


(2d, — d, — d,) + $R(sin 2B/sin 


—cos B x (rz +d, + 


(Co + — He + — + + 


= (1/T**){[2R(1 — 4 cos? B) — Dcos B)(r, + 
(D — 2R cos B)d, + $( R*/D) 
cos, B x (2d, — d, — 
sRsin B x (D + $Rcos B) 
(Cs + 
—4Rsin B x (D — 2R cos B) 
X (Nz — + 9, + 


1428 


| 

i X, -Y;: r = 
a 

4 VC 
(41) 19 
X, d = (42) ? 
= 
(43) 
t 
24 (45) } 


Vibrational mean-square amplitude matrices—X 


Mean-square amplitudes of vibration 


The mean-square amplitudes of vibration (w*) associated with the various 
bonded and non-bonded atom pairs are of particular importance [8]. They may 
be expressed in terms of the =-matrix elements by means of the co-ordinate 
transformations given by (7)—(14) and (40)-(45), according to the method outlined 
in Paper I of this series [6]. These expressions are given in the following. 


r2) = + 42,,(2’) + + $2 (46) 
((r*)?) = (R*)-? — D cos B)*E,,(Ay’) 
1(D — B)*X,,(A,’) 
sin? B x 
121/2(R — D cos B)(D — R cos B)E,,(Ay’) 
1(RD)"2(D — R cos B) sin B x ¥43(A,’) 
12-1/2( RD)"/2(R — D cos B) sin B x 
sin? B x X(A,’) 
1(R — Dcos B)*,,(E’) | 
2(D — Reos 
1RD sin? B x + | 
- 1212(R — D cos B)(D — R cos B)X,,(E’) | (47) 
— (RD)? (D — Ros B) sin B x 
421/2(RD)2 (R — D cos B) sin B x 
— 3-12(RD)"2 (D — B) sin B x ,,(E’) 
sin? B x X(A,") 
1(R — D cos B)*E,,(A,") 
RD sin? B x 
— D cos B) sin B x 
1(R — D cos 
LRD sin? B x + 
(R — D cos B)sin B x 
d®) = + 2’) (48) 


[8] 8S. J. Cyvrx, Kgl. Norske Videnskab. Selskabs, Skrifter No. 2 (1959). 
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{? sin* A x &,,(A,’) 
R/ D) (sin® 2. B/sin®? A)X,,(A,’) 
R/ sin 2B x &,,(A,’) 


$sin? A x 
§( R/ D)* (cos* A/sin®? 2’) > (49) 


R/ D) (sin® 2 B/sin® A)X,,( 

$2"*( R/D) cos? A x &,,(E’) 

R/ D)*? sin 2B cot? A 
+ §2"2( R/D)"? sin 2B x 


(t*)?) = § cos*? B x + $2 
(R/D) sin? B x 
- §2"2 cos B x &,,(A,’) 
j(R/D)*? sin B X,3(A,’) 
R/D)'? sin 2B x &,,(A,’) 


}( R/D) sin? B x + 
cos B x 

sin B x 

R/D) B x 

R/ sin 2B x &,,(E’) (50) 
R/D)*? sin B x 

5 B x &,,(A,”) 
}(R/D) sin? B x &,,(A,”) 
R/ D)"? sin 2B x ,,(A,") 
cos? B x 
}( R/D) sin? B x + 
R/ sin 2B x 


R/ D) sin? B > 


R/ sin 2B x 
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= (T**)-2 + 
+ 4(R/D)V? sin? B x X4,(A,’) 
+ 
+ 3(R/D)'?7*V sin B x X,,(A,’) 
+ R/ D)*2UV sin B x 
- 
3[7'* +- $( R?/D) cos? 
-3(R/D)V? sin? B x 
R/ D)(7'*)? sin? B x 
+. $( R?/D) cos* 
- 3-12(R/D)T*V sin? B x 
421/2( R/ UV sin B x 
R/ D)27'*|7'* + $( R*/D) cos? B) sin B 
461/2( UT* sin B x 
D)(T*)? sin? B x X(A,”") 
UY,,(2") + 3(R/D)(7'*)? sin? B 
\(R/D)V? sin? B x X,,(2") 
sin B x &,,(E") 
sin? B x X,,(2") 
sin B x 
Here the following abbreviations have been used: 
U = 2R(1 — 4 cos? B) — Deos B 
V=D-+%Reos B 


For the symbols R*, 7'* and 7'**, see equations (1), (3) and (4). 

The theory of the present work has been adapted to the cyclopropane and 
cyclopropane-d, molecules. For the nume rical computations of the force constants, 
reference is made to [9]. The calculated X-matrix elements and mean amplitudes 
of vibration (u) for the bonded and non-bonded atom pairs are given in the 
subsequent paper of this series [ 10). 


Acknowledgements—The writer wishes to express his gratitude to Professor R. C. Lorp (M.I.T., 
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the G-matrix elements. 


9} S. J. Cyvux, Spectrochim. Acta 16, 1022 (1960). 


[10] 8S. J. Cyvin, Spectrochim. Acta 16, 1432 (1960). 
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Abstract—The theory of mean-square amplitude matrices (XL) is applied to the cyclopropane 
and cyclopropane-d, molecules. Numerical values at 298°K are given for (i) the symmetrized = 
matrix elements, and (ii) the six mean amplitudes of vibration for the various bonded and 
non-bonded atom pairs. 


IN THE previous article of this series [1] some aspects have been given of the theory 
of harmonic vibrations of cyclopropane-type molecules, including a treatment of 
the mean-square amplitude matrices [2]. The theory has been applied to cyclo- 
propane and cyclopropane-d,, for which some numerical results will be reported. 

A set of normal frequencies for both of the molecules here considered has been 
estimated from observed fundamentals due to BAKER and Lorp [3], and Maruat 
et al. [4] By means of these data a normal co-ordinate analysis was performed, 
following WiLson’s G F-matrix method [5]. The force constants and the L-matrix 
elements obtained from those calculations have been communicated previously 
[6]. In the present article the mean-square amplitude matrix (~) elements will be 
enumerated, as well as the mean amplitudes of vibration for each type of the 
interatomic distances in C,H, and C,D,. 


=-matrix elements 


The mean-square amplitude matrix & is supposed to be based on a set of 
symmetry co-ordinates, S, and may be computed according to 


== LAL 
where A is a diagonal matrix with the elements 
A, (h/82*v,) coth (hy,/2kT') 


Here h denotes the Planck constant, k the Boltzmann constant, and 7' is the 


fl) S. J. Cyvax, Spectrochim. Acta 16, 1421 (1960). 

| S. J. Cyvex, Spectrochim. Acta 15, 828 (1959); Acta. Chem. Scand. 13, 2135 (1959). 

3} A. W. Baker and R. C. Lorp, J. Chem. Phys. 23, 1636 (1955). 

4) P. M. Marnat, G. G. Suerwerp and H. L. Weusu, Can. J. Phys. 94, 1448 (1956) 

5) E. B. Jn., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941); E. B. Wirson Jr., J. Decius 
and P. C. Cross, Molecular Vibrations. McGraw-Hill, London (1955). 

[6) J. Cyvre, S pectroc him. Acta 16, (1060 
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absolute temperature. », represents the normal frequencies. The matrix L is defined 
by 


S 


where @ designates the normal co-ordinates (as a column matrix). For the chosen 
set of symmetry co-ordinates, see reference [1] or [6]. The calculated & matrix 
elements for C,H, and C,D, at 298°K, obtained from the normal frequencies and 
L-matrices previously reported [6], are given in Table 1. 


Table 1. Mean-square amplitude matrix elements in A? units 
for C,H, and C,D, at 298°K 


Symbol Cyclopropane, C,H, Cyclopropane-d,, C,D 


6 


0-005249 0-003777 
0-003276 0-003220 
0-025039 0-018648 
0-002465 0-002523 


MMMMMM 


0-020332 0-O016808 


0-005423 0-003902 
0-002329 0-002311 
0-024042 0-O17797 
0-016281 0-012837 
O* 

0-000836 0-000869 
0-000521 0-000506 
O* 

0-001905 0-001934 


0-012041 0-008787 


0-005928 0-00443 1 
0-039990 0-030750 
0-000549 0-000640 


0-005879 0-004394 
0-O016893 0-013199 
0-050334 0-041063 
0-001272 0-000613 


* Approximation. 


Mean amplitudes of vibration 


In the previous article [1] the expressions were given for the six mean-square 
amplitudes of vibration (u*) of the various bonded and non-bonded atom pairs of 
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the considered molecular model. These quantities were calculated for C,H, and 


CD, at 208°R, their square-roots («, called the mean amplitudes of vibration) 
being presented in Table 2 


Table 2. Mean amplitudes of vibration in A units 
for C,H, and C,D, at 298°K 


Distance Cw lopropans C,H, lopropane 


0.1000 0-0964 
o-os14 
00-1010 
00-1320 


* Here H stands for both 'H and *H (D) 
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Because of the increasing availability of digital computers to spectrographic 
laboratories, it is becoming possible to process spectrochemical data with ease and 
accuracy undreamed of several years ago. The programming of computers has 
been vastly simplified and any operator with the knowledge of a few simple 
techniques is capable of using the machine efficiently. 

Two types of spectrochemical problems lend themselves to computer treatment. 
The first deals with: (1) regression analysis, (2) correlation analysis, and (3) pre- 
cision of a spectral line. One programme, combining all three statistical manipula- 
tions, could perform, in a matter of seconds, the complicated operations which 
might require 4 or 5 hr using a desk calculator. The second problem deals with 
the calculations of the concentration of a given element from densities of a spectral 
line measured on a photographic plate. Precision of each analysis may be rapidly 
calculated in addition. 


Construction of the digital computer 

Digital computers show a similarity in design although programming details 
may differ slightly. 

The accumulator is the part of the computer where all arithmetic operations 
take place. Numbers are placed in the accumulator from selected ‘‘addresses”’ 
or storage units or positions within the computer. In addition, numbers may be 
taken from the accumulator and stored at some selected address. 

The memory drum serves to hold or store information. Usually the drum is 
divided into channels, each channel having one hundred addresses or places to 
store either commands or numerical information. 

Computation is carried out by the use of commands which have been entered 
in certain memory positions by the operator. These commands perform with 
numerical data entered in other addresses. A set of commands is called a pro- 
gramme, 

Commands are of several types. Simple arithmetic commands include such 
orders as: add (to the contents of the accumulator), clear and add, subtract, 
divide, multiply, inverse divide, etc. Complex arithmetic commands include square 
roots, cube roots, logarithms, sines, ete. These are carried out by sub-routines 
stored within the machine. 

Normally, computation proceeds in the order of commands included in the 
programme. Occasionally if certain values occur in the calculation, another set of 
commands may be used instead and computation is automatically transferred to 
these new commands by transfer commands which may be unconditional or which 
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may depend upon whether the contents of the accumulator are positive, negative 
or zero. 

Index registers are used if a given set of commands is to be used again and again 
with different sets of data. They are useful for summing numbers, summing 
squares, ete., and their use will be explained later. 

Input commands are used when either data or commands are to be entered in 
a given set of addresses. Output commands allow the contents of any address or 
sequence of addresses to be typed out on punched paper cards which can be rapidly 
printed or tabulated on a high-speed line printer. 

Before any programme or numerical data are entered, it is necessary to prepare 
the computer for operation by feeding a ‘“‘method tape” into the machine. Other 
computers have pre-wired plug boards for this purpose. 

The problem, then, is to prepare a programme of commands which will use 
numerical data, placed in certain memory locations by the operator, in a series of 
mathematical computations, and permit the answer to be typed out automatically 
after calculations have ceased. In reality, the use of the computer is simple, accurate 
and extremely rapid once programming methods have been established. 


Combined programme for linear regression analysis, correlation analysis 
and precision of a spectral line 

1. Linear regression analysis 

Two variables, X and Y may be considered as ordinate and abscissa. <A large 
number of sets of X—Y data will produce a scatter of points on a graph. In many 
cases, the variable X may be dependent upon the value of the variable Y and vice 
versa, so that a relationship between them may be expressed by a straight line so 
constructed that it passes through the greatest density of points. This straight 
line is represented by the equation: 


Y= — X) 


If the parameters, b, X and } are known, any value of X will give a correspond- 
ing value of Y, and two such points (X,, Y,) and (X,, Y,) will define the line. 


X is the average of all the X-values, ) is the average of all the Y-values. and 


b is a figure called the regression coefficient which determines the slope of the line. 

Example (1). Spectrographic “‘working curves” are constructed by linear 
regression so that the X variable (log concentration of an element A) may be read 
on the abscissa from the Y variable (ratio of spectral line intensity for element A 
to intensity of internal standard line) plotted on the ordinate. Points on the graph 
are established by analysing standard samples whose compositions are accurately 
known. 

Example (2). X-values may be the concentrations of strontium in a set of 
minerals. Y-values may represent the concentrations of barium in the same 
samples. If barium is plotted against strontium, the points may tend to group 
themselves about a straight line. The exact position of this line is found by plotting 
the equation above, after X Y and + have been calculated. It is not necessary to 
plot each X—Y point, as the relationship of X to Y is indicated by the straight line 
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itself. The nature of the grouping of the points about this line is given by another 
coefficient ¢, which is described under correlation. 

The calculations used are given in Dixon and Massey {1] (on p. 191), and by 
SHAW and BANKIER | 2]. 


Correlation statistics 

A number of involved calculations may be performed on the pairs of X-Y 
data described above to give a value ¢ called the correlation coefficient. This value 
indicates the nature of the grouping of X—Y points about the regression line. A 
high numerical value of ¢ (negative or positive) indicates close grouping about the 
line; a value close to zero indicates a greater scatter of points. f-Values may be 


used to perform significance tests which decide whether or not the relationship 


between X- and })-values is statistically significant at some chosen level of sig- 
nificance. 

Example. The concentration of copper, barium and cobalt are determined in 
a set of rocks. Graphs are constructed plotting barium against copper, barium 
against cobalt, and cobalt against copper. Calculation of a ¢ value for each of the 
three pairs will indicate the relative importance or significance of each. A higher 
numerical value indicates a better correlation or greater dependence of X upon Y. 
Ba-Cu gave value of 6-359, Ba-Co gave — 2-944, and Cu—Co gave 1-501. The 
greatest degree of interdependence is shown by Cu-—Ba and the least by Cu—Co. 
If, at the 1 per cent level of significance, ¢ is equal to 3-5 (from tables), only the 
barium—copper relationship is statistically significant. 

The calculations and the use of ¢ valuesisgivenin detail by Dixon and Massey [1]. 


3. Precision 

Precision or reproducibility of analysis is often applied to a spectral line upon 
which the concentration of an element which emits the line is determined. The 
method is given in detail by SHaw and Bankter [2]. 

X-values are log concentrations and )-values are the corresponding ratios of 
the intensity of the spectral line to the intensity of the internal standard line. 
These values are determined on a number of standard samples which show a range 
in concentration over some desired interval. In addition, y’ values are measured a 
number of times on some given sample. 


Construction of the regression correlation precision programme 
The programme is so constructed that once a set of X- and )-values is fed into 
the computer in addition to a number of constants such as V, the number of X¥-Y 
pairs, either regression—correlation parameters or precision may be calculated by 
the computer in a matter of seconds. The equations used are: 
(1) Regression analysis 


1} W. J. Dixon and F. J. Massey, Jr., Introduction to Statistical Analysis. McGraw-Hill, New York 
(1957). 


2| D. M. Saw and J. D. Bankter, Geochim, et Cosmochim. Acta §, 111 (1954). 
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(2) Correlation statistics 


where 


(3) Precision 


Y from standard samples 


2/N — + D 


where 


a(y )* .y from replicate analysis of one sample 


7) 


S,*/3p*, for twelve replicates of the test sample 


log 2 S, log k, 


precision in per cent 


Programme for spectrographic calculations 

In order to convert the density of a spectral line, which is measured from a 
photographic plate, to the concentration of the element, a complicated calculation 
procedure is required. This procedure, using a calculating board, calibration 
curves and working curves, is time consuming and subject to operator errors. 
Many analyses are carried out in triplicate and the results are averaged to obtain 
a final concentration value. A programme designed to handle spectrographic 
calculations on a digital computer can result in extremely fast and accurate 
computations, and can calculate in a matter of seconds the precision of each sample 
analysis. In the past, precision was often stated as some arbitrary figure, say 

10 per cent, which applied to all the analyses of many elements determined by 
one laboratory. Refinements were introduced when precision for each spectral line 
was stated. Because precision values require many hours to compute using a desk 
calculator, they are not often given. Using the computer, precision figures for 
each analysis are possible and may be valuable in the interpretation of the geo- 
logical significance of the results. Certain analyses, because of the interplay of a 
number of errors, may be less reliable than others and a precision figure for each 
analysis would clearly point this out. 

The density of a spectral line recorded on a photographic emulsion is measured 
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as a transmission figure having a value between 0 and 100 (clear plate) by a 
microdensitometer. A reading on the spectral line in reality is the sum of both 
the density of the line and of the background produced by various factors, often 
molecular spectra. Thus a background correction is applied by subtracting the 
background intensity from the line + background intensity. In order to do this, 
transmission readings are converted to A by the Seidel function to obtain intensi- 
ties (by a photographic emulsion calibration curve) which are then subtracted. The 
ratio of the intensity of the spectral line to the intensity of an internal standard line 
is plotted against log concentration of the element on what is called a working curve. 

The programme is presented as a flow diagram, Fig. |, to which the following 
notes apply. 

(1) Data cards contain transmission values, for one sample analysed for one 
element in triplicate, for both the analysed element and the internal standard, plus 
the sector steps on which the transmission values were obtained. 

(2) Using the Seidel function, A log (100/trans. 1), twelve A’s are 
computed, three for the analysed element of the triplicate excitations, three for 
the internal standard, and six for background corrections. 


(3) An index register is given a value of 12 and, after each computation, 1 is 
subtracted so that, after the twelfth calculation, the register reads zero and control 
proceeds to the ‘“‘yes” branch. If the index register is not zero, control proceeds 


via the “no” branch to the loop. 

(4) The empirically derived calibration curves, one for each wavelength used, 
relate log intensity with the Seidel function values. Seidel calibration curves are 
linear and can be stored in the computer as the slope of the line assuming one of 
the points of the line to be (0.0). The curves are drawn by standard procedure 
using a step sector. S-shaped calibration curves relating intensity to transmission 
may be stored as the constants a, b, c, etc., of the fitted equation: y =a + br 
cx* + dx*, etc., taken to as many terms as necessary to ensure a close fit to the 
empirically derived curve, Some computers have facilities for storing graphs in 
table form (‘table look-up” sub-routine) which may be used alternately. 

(5) Three for the analysis element; three for the internal standard. 

(6) Anaiysis of step-type. All intensity measurements are compared on step 4. 
Measurements on lower steps of the step sector require additions (log 0-20 for each 
step below 4) while those on higher steps require subtractions as shown. The 
computer determines which step has been used by the following mechanism. The 
step number (1-7) is placed in the accumulator and the value | is subtracted. 
If the result is zero, the step must be step 1, and 0-60 is subtracted from the log 
intensity. If the result is not zero, the computer continues to subtract unit values 
until zero is reached. 

(7) The equations of linear working curves which relate log concentration to 
the ratio of intensities of the analysed element and internal standard element are 
stored in the memory drum as the slope and a point on the line. 


Conclusion 
Programming with digital computers at first appears complicated and difficult. 
Such, however, is not the case. After reading the instruction manuals provided to 
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Application of the digital computer to spectrochemical analysis 


illustrate details of the particular computer, an operator should be able to construct 
a programme within several days using the principles outlined in this paper. These 
techniques were developed to deal with the specialized problems in spectro- 
chemical analysis. 


Once the programme has been successfully constructed, it may be stored on 
one reel of punched paper tape on some computers, or on a deck of punched cards 
or reel of magnetic tape in the case of others. The commands are easily and rapidly 
restored to the memory drum after someone else has used the computer. Only 


about 20-30 sec are required for the programme discussed in this paper. 

An example must be completed using a desk calculator to ensure that the pro- 
gramme has been constructed correctly. From then onward, operator errors are 
reduced to the minimum, precision figures are available for each analysis and all 
computations are completed almost effortlessly in a matter of seconds instead of 
hours. 

Using an ‘optimized procedure” with the IBM 650, the computation of the 
triplicate spectrochemical analysis is accomplished in 8-3 sec. A copy of the 
detailed programme for the IBM is available from the writer. 


Acknowledgement —The writer is indebted to Dr. D. M. Suaw for critically reviewing the manu- 
script 
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Abstract Th» absorption spectra of transients produced by a pulsed electrical discharge, both 


rectly and via excited inert-gas atoms, have been investigated Although absorption by the 


258 state of He was readily recorded, no molecular triplets were observed and all transient 


“spectra were of atome or diatomic radicals In the case of water, and probably of most other 


molecules, the radicals are formed principally by thermal dissociation after the electrical 


Introduction 


Tuts investigation forms one approach to the study of the absorption spectra of 


transients obtained from molecules which do not absorb above 2000 A—in par- 


ticular, the absorption of the triplet states of water, carbon dioxide acetylene, 


ethvlene and other simple molecules. For these molecules, normal flash photolysis 


is not applicable because of the strong absorption of oxygen and quartz below 


2000 A (but vacuum ultra-violet flash photolysis will be described in a later 


communication) We have therefore investigated the transients produced by a 


brief electrical discharge using flash spectroscopic recording. We have also 


utilized the principle of energy transfer from excited argon. Whilst the spectra 


obt ined were all ot known species and we were not successful in observing the 


molecular triplet absorption spectra which were our principal objective, the 


method has other applications and it will therefore be useful to give a brief account 


of our observations 


Experimental 


The quartz reaction vessel was 22cm long and 2¢m in diameter, with two 


molybdenum electrodes, in side arms. near to the end windows. Energies of from 


1-25 to 200.5 could be discharged through the cell using condensers of from 0-025 


to 4uF at 10 k\ The corresponding durations of the electrical discharge were 


trom to 30 wsec 


The spectroscopic flash lamp had a central capillary section. The light from 


this section was collimated with a 3-cm focal length quartz lens, passed through 


the reaction cell and then focused on the slit of a 2-m normal incidence grating 


spectrograph (20 4 slit width). One flash of 4 uF at 10 kV was sufficient to give 


reasonable intensity on Ilford HP3 plates over most of the range studied (2250 


6800 A). The half-peak duration of this flash was approximately 25 usec 


In order to prevent the light from the reaction cell reaching the photographic 


plate, a mechanical shutter was inserted between the reaction cell and the slit of the 


spectrograph. This consisted of a ,'y in. thick, 7 in. diameter, aluminium disk with 


two Lin. by | in. tabs set diametrically opposite each other. Just below one of the 


hin. slit was cut in the disk. The disk could be rotated at 100 rev/sec. 


tabs a } in. by 


Mounted on one side of the disk was a 24-W light source and on the other a 
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photocell-Schmitt trigger unit arrangement. The light source was focused on the 
disk. When the slit in the disk allowed light to pass on to the photocell, the 
resulting electrical pulse initiated the discharge through the cell. The positions of 


the light source and photocell were so adjusted that the discharge occurred when 
one of the tabs was in front of the spectrograph slit. After 100 usec, when the tab 
had cleared the spectrograph slit, the spectroscopic flash could be initiated through 
a delay unit. The delay was activated by the light pulse from the discharge via a 
photocell-cathode follower unit. 

In most of the experiments, argon was added to the contents of the reaction 
cell. This was not only to increase the conductivity of the gas in the cell and to 
increase the lifetime of the radicals by reducing their diffusion rates to the wall 
but it was also expected that the probability of triplet state formation would be 
increased by electronic energy transfer according to the following mechanism: 


reactant (singlet ground state) argon (*/) —» reactant (triplet) argon ('S) 


The metastable */ state of argon is produced in the discharge and, like the metas- 
table states of the other inert gases, has a long radiative lifetime. 


Results and discussion 

No transients were obtained from nitrogen, oxygen, carbon monoxide, carbon 
dioxide or nitric oxide. For nitrogen, the (0,0) band (at 2174 A) of the y-bands of 
triplet nitrogen (f — A*L,*) was looked for in absorption. However, as the term 
for the upper state of the transition is unknown, the transition probability may be 
low. 

For the organic molecules, in addition to the molecular spectra recorded below, 
several atomic absorption lines were observed. Lines of All, Cal, Call and Mol 
were recorded, the duration of the absorptions being 200 usec, greater than 3 msec, 
300 usec and 3 msec, respectively. The aluminium and calcium may originate 
from the quartz and the molybdenum from the electrodes. Absorption by silicon 
was probably also present but would not readily have been detected owing to the 
silicon absorption lines in our source flash. 


Helium 
Three absorption lines, all arising from the lowest triplet level of the helium 
atom, were observed after a discharge of 200 J through 5mm of helium. These 
were 
33 P-28S (3889 A) 
43 P-238 (3188 A) 
53 (2945 A) 


The two stronger lines, at longer wavelengths, were observed for 200 usec after the 
discharge. 

This observation was of interest since the principal object of our work was to 
record the absorption spectra of molecular triplet states. However, the short 
lifetime of the helium triplet under these conditions suggests one reason for our 
failure to detect other triplets. The radiative life of the 2°S state is many seconds 


1445 


; 
| 
3 
VOLie 
1960 
= 
. 


G. Brack and G. Porter 


and the short life in the present work must therefore be a result of radiationless 
deactivation processes. Diffusion to the walls would be much too slow to account 
for the rate of disappearance and deactivation is therefore caused by some gaseous 
species. The most probable mechanism wiil be encountered with some paramagnetic 
species produced by the discharge. The most important of these will be another 
helium atom in the 258 state or molecular oxygen liberated from the quartz 


reaction vessel. 


Water 


Passing the discharge through a few millimetres of mercury pressure of water 
vapour, or water/argon mixtures, gave rise to strong absorption by the 2X — #1 
system of OH. The most interesting observation here was that the OH radical was 
formed after the discharge had passed and its intensity maximum was reached 
only after 400 usec. Two possible explanations of this effect present themselves 

(1) This is the time required for the energy of the discharge to be dissipated as 

heat 

(2) Thermal relaxation is rapid and the process observed is the chemical 

relaxation of the water molecules to equilibrium at the higher temperature. 
That the second process is correct is shown by the fact that increasing the total 
pressure by addition of argon (from 5 to 16 mm Hg pressure) increased the time to 
maximum OH concentration from 400 to L000 usec. Added gas would be expected 
to increase the rate of process (1) but decrease that of process (2) by lowering the 
temperature. 

\ssuming an activation energy of 116 keal (equal to the energy of the HO—H 
bond) and a normal frequency factor, the observed relaxation time corresponds to a 
temperature of 2100°K. The rotational intensity distribution of the OH radical 
indicated a temperature comparable with this. 


Hydrocarbons 

The hydrocarbons studied were ethylene, acetylene, naphthalene. benzene and 
toluene. For all these, the *X “Il system of CH. the “Swan” bands of C, and 
the violet system of CN (the nitrogen being an impurity in the argon) were recorded. 
In addition, with acetylene. the Deslandres-D’ Azambuja system of ( ', was obtained. 
This system, studied in emission by HerzBerG and Surroy [1], has not previously 
heen obtained in absorption. The band heads identified in our spectra were the 
O.1, 1.2, 2.3, 3.4; the 0.0, 1.1; the 1.0, 2.1, 3.2; and the 2.0, 3.1. The lower state 
(‘I,) of this system must be sufficiently thermally populated from ‘x, (now 
thought to be the ground state of the ( ', molecule |2]}) to give rise to the absorption. 

The above spectra are very similar to those obtained in the explosive com- 
bustion of hydrocarbons | 3}. 

Conclusions 


The absence of the triplet state absorptions in this work has probably the same 


cause as the short life of the helium triplet already referred to. The absence of 
Herzeere and R. B. Swrron, Can. J. Research A 18, 74 (1940). 


A. Batik and D. A. Ramsay, J. Chem. Phys. 31, 1128 (1959) 
W. Norrisn, G. Porter and B. A. Tarusn, Proc. Roy. Soc. (London) \ 216, 165 (1953 
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more complex radicals in the hydrocarbon decompositions is readily understood in 
view of the high temperature and the negligible quantity of such radicals at 
thermal equilibrium. On the other hand, the use of pulses of lower energy is also not 
useful if the decomposition is principally a thermal process. 


It therefore appears that pulsed electrical discharges have limited usefulness. 
They provide a ready source of radicals and other transients which can be obtained 
in thermal equilibrium. They also provide an alternative method to shock waves 
for the rapid heating of gases and the study of thermal and chemical relaxation as 
is demonstrated by our observations on water. 
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Synthesis and infrared characterization of the reaction products of 
N-bromosuccinimide with estradiol-17 6* 


Hans-JOACHIM WINCKELMANN.T ERIKA SMAKULA and HerBert H. 
Department of Biochemistry, Boston University School of Medicine, Boston, Mass. 


ved 28 December 1959; in revised form 11 July 1960) 


Abstract—The reaction product of estradiol-17f with N-bromosuccinimide in the dark and 
under reflux in carbon tetrachloride was determined by infrared investigation as a mixture of 
2- and 4-monobromo- and 2:4-dibromoestradiols in vields of approximately 50, 45 and 5 per cent, 
respectively. Infrared reference spectra of the three o-bromoestradiols are given, and the 
influence of the specific type of bromine substitution on the aromatic vibrations of ring A is 
discussed. The expected trans-—cis isomerism of the phenolic O—H group was investigated by 
hydrogen bond studies. As a new phenomenon observed in connection with o-substituted 
compounds it was found that a change in the molecular geometry of the o-bromo position is 
associated with a change in the trans—cis ratio and the Av value of the phenolic hydroxyl group, 
which appears to be due to a variation of the electronegativity of the bromine atom and toa 
variation of double bond character of the aromatic C-——Br bond. The trans—cis ratio was deter- 
mined as 1:33 for 2-bromoestradiol and as 1:15 for 4-bromoestradiol. 


DwRING the course of an investigation of the synthesis of more highly oxygenated 
estrogen derivatives the reaction of estra-1:3:5(10)-triene-3:17/-diol with N- 
bromosuccinimide in the dark was studied. Ring A halogenated derivatives of 
estrone and estradiol had already been prepared by Marrian and HasLewoon [1], 
Woopwarp [2], and HILLMANN-ELigs ef al. [3] The first of these authors prepared 
monobromo derivatives of the methylethers of estrone and estriol without deter- 
mining the position of substitution. Woopwarp prepared 2:4-dibromoestradiol 
by reacting estradiol with N-bromoacetamide. The last group of investigators 
prepared the monoiodo derivatives of estradiol and estrone, which were incorporated 
in KBr pellets and identified as the two iodo compounds by the presence of a 
medium strong infrared absorption band at 879 cm~! using the known correlations 
bet ween aromatic C—H out-of-plane bending vibrations (occurring below 900 em~!) 
and the type of substitution. However, for the reasons given below the C—H 
out-of-plane bending vibrations vield conclusive evidence for the type of substitu- 
tion and for purity only when investigation of all possible halo derivatives has 
been carried out under carefully standardized conditions. Below 900 cm~! est- 
radiol and its derivatives are rich in medium strong and weak bands and their 
mutual superposition in mixtures makes correct assignment by intensity evaluation 
extremely difficult. The tendency of the estrogens for polymorphism introduces 
strong intensity variations in the C—H out-of-plane bending vibrations in the 


* These studies have been supported by a research grant from the National Cancer Institute. National 
Institute of Health. Bethesda, Maryland 
t Research Fellow, Department of Biochemistry, 1958-1959. 
1] G. F. Marrian and G. A. D. Hastewoopn, J. Soc. Chem. Ind. (London) §1, 277 (1932). 
2! R. B. Woopwarp, J im. Chem. Nor 62, 1625 (1940) 
3) A. G. and U. Scurept, Z. Naturforsch. 8b, 436 (1953). 
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Synthesis and infrared characterization of the reaction products of N-bromosuccinimide 


various crystal modifications. 
sampling procedures | 4}. 


Polymorphic changes can even be induced by 


Estradiol-17 was found to react readily with N-bromosuccinimide when it 
was refluxed in absolute carbon tetrachloride in the dark. Irrespective of the 
concentrations or of the length of reaction time (from 30 min to 3 hr), there were 
always three compounds obtained which could be separated by fractional erystal- 


lization. Attempts to dehalogenate the substances with pyridine, collidine or 


alkali hydroxide were entirely unsuccessful, indicating that the bromine atom 


was substituted in ring A. During the reaction no oxidation at C,, occurred, and 


similar treatment of the diacetate of estradiol followed by deacetylation resulted 
in the formation of a mixture of compounds identical to that obtained above. The 
two main products obtained were 2-bromoestradiol-17 (~50 per cent) and 4- 


bromoestradiol-178 (~45 per cent), and a small amount of the 2:4-dibromo 


derivative (~5 per cent) was also found. The three compounds were identified by 
infrared characterization. The last product was identical in physical character- 
istics with that described by Woopwarp [2] which can also be obtained by the 
reaction of 2 moles of N-bromosuccinimide with | mole of estradiol. 

The infrared absorption spectra of the three bromo derivatives and the parent 


compound are given in Fig. 1. They were obtained from amorphous melts.* 
which were adjusted to approximately the same absorption intensity in the 2900 
' region. With the exception of the spectrum of estradiol, they were also 


em 


recorded as nearly saturated solutions in carbon disulfide in a cell of 3mm path 


length. This form of presentation allows an investigation of the influence of 


bromine substitution on the infrared spectrum of estradiol under identical con- 


ditions. Amorphous phase spectra are not masked by solvent bands, and they are 


free from problems associated with polymorphism and sample preparation and 


the disturbing influence of intermolecular forces in a crystal lattice on intramolec- 
ular vibrations [4]. It is therefore possible to ascribe definitively differences in 


band intensities and absorption frequencies between estradiol and the three bromo 


derivatives to the substitution and position of the bromine atom on ring A. 


Intensity adaptation to a neutral reference band common to all spectra facilitates 
l 


a direct evaluation of these differences. The 2900 cm-! band was chosen because 


it represents the methyl and methylene stretching vibrations which are located 


exclusively in rings B, C and D. These may be safely considered to remain rela- 


tively uninfluenced by changes in ring A. Amorphous phase spectra reflect the full 


range of ambiguous intermolecular associations as it occurs in liquids. Comparison 


of the corresponding solution and amorphous phase spectra allows an investigation 


of the specific types and effects of hydrogen bonding. 
The spectra of 2-bromoestradiol (IL), 4-bromoestradiol (III) and 2:4-dibromo- 


estradiol (IV) are nearly identical with the spectrum of the parent compound 


estradiol (1) in those regions representing vibration of groups in the same molecular 


* Crystalline films and amorphous films could be distinguished on visual inspection by their crystalline 
or glassy structureless appearance. The absorption bands of the crystal spectra showed frequen shifts 
and intensities drastically different from those of the amorphous phase and solution spectra. The absence 


of a possible partial crystallization of the amorphous films could easily be established by evaluation of 


band shape s and intensities, 
4) FE. Smakuta, A. Gort and H. H. Wortz, Spectrochim. Acta 9, 346 (1957). 
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l. Amorphous phase spectra, obtained from glassy melts of compounds (I), (IT), 
(111) and (TV) - Spectra obtained from nearly saturated carbon disulphide solutions 


of compounds (IT), (111) and (IV) in a cell of 3 mm path length. ..... Carbon disulfide blank. 


environment, such as the methyl! rocking vibration (1130 em~'), and the region of 
© stretching and O—H bending vibrations (near 1050 cm~'). The 
position of bromine substitution exhibits its characteristic influence for each of 


aliphatic C 


the compounds as determined by the following criteria: 

(1) The shifts of the aromatic riag vibrations near 1600 em~' and 1500 em~! 
are in agreement with the order of the shifts given by RanpLE and Wutrren [5] for 
b:2:4-, 1:2:4:5-, 1:2:3:4- and penta-substituted aromatic rings. 


5) R. R. Ranpwe and D. H. Watrrex, Molec ular Spectroscopy p. 111. The Institute of Petroleum, London 
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When compared to estradiol the monobromo compounds show both a similar 


reduction of the relative intensities and decrease in frequencies of the doublet at 
1608 em~! and 1585 em~!, with Av values of 3 em~! and 15 em~'! in II and 6 em=! 
and 20cm~! in (IIL). The dibromo derivative exhibits an even larger frequency 
decrease of these bands with Av equaling 18 cm~! (mean value of a doublet of 
further reduced intensity) and 35 em~-'. The decrease (Av) of the 1500 em~! ring 
vibration is 11 em~! in (11), 22 em~! in (IIL) and 33 em~! in (IV). The intensity 
of this band remains unchanged in (II) and (III), but it is strongly increased in 
(IV). This is at least partially due to band overlapping with methyl! and methylene 
bending vibrations. A new band near 1400 em~! [1413 for (I1), 1420 
for (IIL) and 1402 cm~! for (LV)] may be associated with a ring vibration which is 
senstive to the mass and nature of the substituents. 

(2) Differing absorption patterns in the region of the aromatic C—H out-of- 
plane bending vibrations are in agreement with absorption characteristics for the 
three types of substitution [5] in (1), (11) and (IIT). 

Absorption of the lone C—-H group in the penta-substituted compound (LV) 
cannot be recognized. This compound shows a strong new absorption band at 
763 em~!, evidently associated with the presence of the two C—Br groups. 

(3) Shifts of bands associated with aromatic O—H stretching and bending 
vibrations are due to the changed facilities for hydrogen bonding from inter- 
molecular in estradiol to intramolecular hydrogen bonding in the three derivatives. 

Intramolecular hydrogen bonding as it is known to occur in o-halophenols [6] 
is indicated in the solution and the amorphous phase spectra of (11), (III) and (IV) 
by a band near 3500 cm~ (assigned to the intramolecularly bonded aromatic O—H 
stretching vibration) and another band near 1200 cm~! (associated with the 
intramolecularly bonded aromatic O—H bending vibration [7]). These two bands 
are absent in the amorphous phase spectrum of the parent compound (1). The 
corresponding absorption bands of the fully intermolecularly bonded aromatic 
hydroxyl group occur in (1) near 3350 cm~! (broad and overlapped by the inter- 
molecular association band of the aliphatic O—-H group) and between 1250 em~! 
and 1200 cm~' (ill-defined and diffuse on the low-frequency side of the C—O 
stretching vibration band at 1250 em~'). Two other band areas in the fingerprint 
region, one near 1350cm~!' and one near 1275 ¢m~', are senstive to hydrogen 
bonding in (1), (IL), (IIL) and (IV), indicating multiple coupling effects of at least 
three aromatic vibrations (O—H bending, C—O stretching and another aromatic 
vibration). A comparison of the solution and corresponding amorphous phase 
spectra in these three band areas shows that in the latter the aromatic O—H group 
is partially engaged in intermolecular hydrogen bonding, however, to a higher 
degree in (Il) and (III) and to a small extent only in (IV). This is in agreement 
with an expected trans-cis equilibrium (further discussed below) of the aromatic 
hydroxyl group which leaves the trans O—H groups available for intermolecular 
hydrogen bonding in the two mono-o-bromo compounds (11) and (IIL) but not in 
the dibromo derivative (IV), where both bromine atoms participate in intra- 
molecular hydrogen bonding. The raised O—H bending frequencies of the 


6| L. J. Bettamy, The Infra red Spectra of Complex Molecules p. 103. Methuen, London (1958). 
R. Mecxe and G. Rossy, Z. Electrochem. 59, 866 (1955). 
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intermolecularly bonded trans-portions can be recognized in (Il) and (III) as 
asymmetric band broadening on the high-frequency side of the single bridge band 
near 1200 
Hydrogen bond studies 
Hydrogen bond studies carried out in solution revealed an unexpected variation 
in the strength of intramolecular hydrogen bonding of the two mono-o-bromo 
isomers. The parent compound (1) is insoluble while the bromo derivatives are 


poorly soluble in infrared transparent solvents. Fig. 2 shows the spectra of (11), 


saturated ron disulfide solutions of ompounds 
the region of the OH @ vibrations. Path lensth 3 mn 
i oH Band 2B re OH intramolecularly bonded to 


111) and (1V) in carbon disulfide solutions in the region of the O—H stretching 
vibration. All spectra exhibit two bands, one (4) near 3615 em~' in (11), (ILL) and 
IV) and another (), at slightly differing frequencies, near 3520 cm~' in (11), near 
3515 em in (111) and near 3500 em-'in (IV). The trequency of band A is that of 
the tree aliphatic and aromatic O H stretching vibrations The presence of band 
ii is indicative of a weak single bridge complex. Bands A and B show differences 
in their intensity ratios. For the spectra shown in Fig. 2 the concentrations of 
1] 111) and (1V) were adjusted to vield identical intensities of band A. which 
serves as an arbitrary reference to illustrate these differences. Fig. 3 gives a plot 
of the optical density of band B against that of band A. measured at various 
dilutions of the nearly saturated solutions at room temperature. The intensity 
ratio of these two bands remains constant for each compound indicating the absence 
of intermolecular hydrogen bonding. It is m 1: 2-48 in the 2:4-dibromo com 


pound: it increases to » 1: 2-24 in the 2-bromo compound and is further 


increased to n | 2-02 in the 4-bromo compound rhe following points are 
important in the evaluation of the differences in these intensity ratios. (1) Since 
in (11), (111) and (1V) the molecular environment of ring D does not differ. the 


absorption characteristics of the aliphatic O—H group on carbon atom 17 can 
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safely be assumed to remain identical for all three compounds in solution. There- 
fore differences in the relative intensities of band A and band B must arise from 
vibrations of the aromatic O—H group, influenced by the substitution of ring A. 
(2) Mono-o-halophenols have been shown previously to exhibit in the gas form 
and in dilute solution a characteristic doublet of the free and intramolecularly 
bonded O—H stretching vibration near 3600 cm~ and 3500 cm~-!. This doublet 
has been attributed to the presence of two molecular species, which exist in a 
specific temperature-dependent trans—cis equilibrium of the aromatic O—H group 
[8-10]. (3) In di-o-halophenols all O—H groups are intramolecularly bonded and 


« 


Fig. 3. Relation of the optical densities between band A and band B in compounds (II), 
(111) and (TV). 


only one band is observed (provided both halogen atoms are identical). (4) The 
absolute intensity of the intramolecularly bonded O—H stretching vibration of 
o-substituted phenols—regardless of small or large frequency shifts—has been 
shown previously not to differ significantly from that of the free O——H stretching 
vibration in phenol [11-13]. The absence of a difference in half-width is another 
characteristic of the hydroxyl bands of weak single bridge complexes in o-sub- 
stituted phenols [12]. It can, therefore, be assumed that the concentrations of 
the trans- and cis-forms in o-halophenols are in the ratios of the intensities of their 
corresponding bands and that the sums of the absorbances OH,,. and OH,,,,, in 
a mono-o-halophenol equals the total absorbance exhibited by the one (all cis) 
O—H band in the corresponding di-o-halophenol.* 

In the 2:4-dibromo derivative (IV) the absorption of the aliphatic and the 
aromatic O—H are separated. At concentration ¢ the absorbance of the aliphatic 


* Wor and Lippe. /11) showed that the total integral molal absorption coefficient for the two O-——-H 
bands of o-« hlorophe nol is practi ally the same as for the one band of phenol and also for the one band of 
2:4:6-trichlorophenol 

L. Pavuwne. J. Am. Chem. Sor 58, 04 (1036) 

0) W. LivrKe and R. Mecxe, Z. Physik. Chem. ( Leipzig) 1968, 56 (1951) 

10!) G. Rossuy, W. LirrKe and R. Mecke, J. Chem. Phys. 153, 21, 1606 (1953). 
R. Weur and I Lippe, J im. Chem. 57, 1464 (1935) 

M. Sr. C FLetrtT, Spectroch m. Acta 10, 2! 1957) 

13) H. Tsupomvura, J. Chem. Phys. 24, 927 (1956) 
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OH Ayy equals ¢,,.¢ and the absorbance of the aromatic OH (all cis) B,y. equals 
e | molar extinction coefficient. al abbreviation for aliphatic). The 
ratio is then 


(1) 


rhe ratio m |: 2-5 isin agreement with values given by Barrow [14] for absolute 
intensities of aliphatic and aromatic O—H stretching vibration bands 
In the two mono-o-bromoisomers (II) and (I11) a trans-—cis equilibrium of the 
rromatic O—H group is expected. Band A (A,, and A,,,) consists now of two 
components, the total aliphatic absorbance ¢,,.c and the trans-fraction of the 
aromatic absorbance , r.c, where x mole fraction OH, Band B 
represents the crs-fraction of the aromatic absorbance e(l r), where | r 
mole fraction OH Since the total aliphatic absorbance remains an unchanged 
component of band A in both isomers, the difference in the band intensity ratios 
, and A,,,/ By, must be due to a difference in the trans—cis 


ratios r). The band intensity ratio A to B equals 


and since 


(2 


From equations (1) and (2) follows the trans-—cis ratio x/(1 xr) (n m)/(1 m). 
Using the values m 1: 2-48. n,, 1: 2-24. n,,, | 2-02 (obtained from Fig. 3) 
the trans-—cis ratio for the 2-bromoderivative (I1) is then calculated as 1 : 33 and 
that of the 4-bromoderivative (III) as 1:15. 

The three bromoderivatives exhibit small but significant differences in the 
frequency shifts Ay of the bonded O—H groups. Ay,, Ayin Ay;,. The 
strength of the hydrogen bond in terms of the Ay values appears to be opposed 
to the strength of the hydrogen bond in terms of the trans—cis ratios of (Il) and 
(II1). It is believed that the electrostatic attraction of the bromine atom and the 


hydrogen bond angle (dependent on the amount of double-bond character of the 


(—Br bond) are the major variable parameters in the substitutional isomers (I1) 
and (111) which influence the trans—cis ratios and the Ay values. Rossmy ef al. 
10) and Baker [15] report for o-halophenols increasing trans-cis ratios in the 
series of decreasing electronegativities of the halogen atom along with increasing 
Ay values in the same series of increasing size and bond length (1:44 and 55 em”! 
for Cl, 1:37 and 75 em~ for Br, 1:12 and 92 em~! for 1). “Bent” hydrogen bonds 
are known to exhibit high-frequency deviations from linear bond values [16, 17]. 
A decrease in the electronegativity of the bromine atom, decreasing its electrostatic 
attraction, along with a decrease in the amount of double bond character of the 


14) G. M. Barrow, J. Phys. Chem. 59, 1129 (1955). 

15| A. W. Baker, J. Am. Chem. Soc. 80, 3598 (1958 

16| K. Nakamoro, M. Marcosnes and R. E. Runp.e. J. Am. Chem Soc. 77, 6480 (1955). 
17) G. C. Pimenrer and C. H. Sepernowm, J. Chem. Phys. 24, 639 (1956), 
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Synthesis and infrared characterization of the reaction products of N-bromosuccinimide 


(—Br group, increasing the hydrogen bond angle, appear to be responsible for 


the simultaneous increase in the trans—cis ratio and the Av value in the 3:4:5:6- 


substitutional isomer relative to the 2:4:5:6-isomer. 


In the amorphous phase spectra the intramolecular association band near 


3500 cm~? (strongest in [V) is overlapped by the expected strong and broad inter- 


molecular association band of the aliphatic and trans aromatic O—H groups. 


The strength of the intramolecular hydrogen bonding in terms of the trans—cis 


ratios is reduced in the amorphous phase and further reduced in the crystalline 


state in favor of the stronger intermolecular hydrogen bonding. Intramolecular 


hydrogen bonding is entirely absent in the crystal state of (IIL). Indicative of the 


increased ftrans-cis ratios is the intensity decrease of the single bridge O—H 


bending vibration band near 1200 em~'. 


Experimental 


All melting points are uncorrected, except where stated otherwise. All spectra 
were recorded on a Perkin-Elmer model 21 infrared spectrophotometer equipped 
with a sodium chloride prism. Slit program 927 was used for the spectra shown 
in Fig. 1. For all solution spectra a cell of 3 mm path length was employed. The 
spectra shown in Fig. 2 were run with extended abscissa (4cem per 100 wave- 


numbers) at a speed of 200 wavenumbers per min, using slit program 960 (slit 
20-5 u between 3850cm~! and 3300cm~'). The instrument was 


opening 24 
calibrated against water vapor bands. All optical density values for Fig. 3 were 
obtained from spectra run under these conditions. The transmission reproduci- 
bility was better than +0-25 per cent. The optical density values are mean values 


of two or more successive runs. The optical density values are not absolute due 
to the finite slit width. Owing to an uncertainty in exact wave number calibration 
the absolute frequencies cannot be given. This does not, however, affect the relative 


band positions and arguments based upon them. 


2:4- Dibromoestradiol 


Estradiol-178* (1089-5 mg) was dissoved in 500 ml of absolute carbon tetra- 
chloride to which 749 mg of N-bromosuccinimide (95 per cent purity) was added 
and the mixture was refluxed in the dark. After a few minutes the solution turned 
reddish-brown but became colourless after approximately 30 min. The reaction 
mixture was allowed to cool, the succinimide was filtered off and the filtrate was 


taken to dryness in vacuo. The crude mixture melted from 90—102°C. 

On crystallization of the crude product from acetone—water, a small amount of 
2:4-dibromoestradiol separated as needles. After three recrystallizations this 
material melted from 214 to 216°C (corr.). 


Bromoestradiol 


On further evaporation of the mother liquor from above, the main product 


crystallized in long needles. After three recrystallizations from acetone—water 


* The writers are grateful to Dr. I. Rincier of Lederle Laboratories for supplying this starting 


material, 
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the material had a melting range from 184 to 186°C. Anal. Caled. for C,,H,,0,Br: 
22-74 Found: 22-05. 


4- Bromoestradiol 

From the remaining mother liquor 4-bromoestradiol crystallized in short 
needles on standing. Following recrystallization from acetone—water this material 
melted from 116 to 118°C. 


Attempted dehydrohalogenation 


Following refluxing of each of the above products with pyridine, collidine or 
methanolic potassium hydroxide for two hours, unchanged starting material was 


recovered. 


Bromination of estradiol diacetate 

Estradiol diacetate was refluxed with N-bromosuccinimide in absolute carbon 
tetrachloride exactly as described above. The crude material was deacetylated 
with alcoholic potassium hydroxide and the resulting mixture was crystallized as 
above. Fractional crystallization from acetone—water yielded the same three 
substances as previously described and in roughly the same proportions. 


2:4-Dibromoestradiol 

Estradiol (272 mg) was dissolved in 150 ml of absolute carbon tetrachloride 
and the solution was refluxed in the dark with 368 mg of N-bromosuccinimide for 
2hr. The mixture was allowed to cool, the succinimide was filtered off and the 
solution was taken to dryness. The residue was dissolved in methanol, precipitated 
by the addition of water and the mixture was filtered. The residue was crystallized 
from acetone—water and 260 mg of the dibromo derivative were obtained as needles. 
This material was recrystallized as before, yielding needles melting from 214 to 
216°C (corr.). 

A mixed melting point of this material with the dibromo compound obtained 
previously showed no depression. 
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Raman spectra and vibrational assignments of aluminum 
borohydride and some isotopic derivatives* 


ALLAN R. Emery? and Rospert C. Tayior 
Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 


(Received 20 July 1960) 


Abstract—Raman spectra of the compounds Al(B"H,),, Al(B!H,),, Al(B™4J and Al(B!’D,), 
have been obtained for the pure liquids,and the frequencies assigned with the help of polarization 
measurements and the infrared frequencies in the literature. Although the evidence cannot be 
considered entirely conclusive, the assignment appears to confirm the prismatic bridge structure. 


Introduction 


THE molecular structure of aluminum borohydride has been studied by means of 
electron diffraction, infrared and Raman spectroscopy, and nuclear magnetic 
resonance. Early electron diffraction studies [1, 2] were not interpreted in terms 
of bridge models. However, after the bridge structure for diborane had been 
accepted and Price [3] had reported that the vibrational spectrum of aluminum 
borohydride clearly favored a bridge structure, the electron diffraction data were 
re-examined and found to be compatible with an asymmetric bridge structure. 
More recently, OGG and Ray [4] have provided additional evidence in favor of the 
bridge structure for aluminum borohydride using the technique of nuclear magnetic 
resonance. In his report, evidence is also given that the arrangement of the hydro- 
gen atoms around boron is approximately tetrahedral and that free rotation of 
the BH, groups is quite unlikely. 

The aluminum borohydride molecule may be thought of as consisting of three 
approximately tetrahedral BH, groups placed symmetrically around the central 
aluminum atom, the three boron atoms and the aluminum atom forming a planar 
skeleton. The BH, groups in a bridge model would be oriented so that two hydro- 
gen atoms (the bridge hydrogens) lie between the aluminum atom and each boron 
atom and the other two hydrogen atoms (terminal hydrogen atoms) lie at the 
remaining apices of the distorted tetrahedron; the twofold axes of the distorted 
BH, tetrahedra coincide with their respective Al—B axes. The configuration is 
not completely determined, however, until the orientation of the BH, groups 
about the Al—B axes is given. Of the various possible orientations, the two first 
proposed by Lonevet-Hicerns [5] may be considered as being most likely. These 


* Based on a dissertation submitted by ALLAN R. Emery in partial fulfillment of the requirements of 

the Ph.D. degree, Horace H. Rackham School of Graduate Studies. University of Michigan, June 1957. 
+ Dearborn Center, University of Michigan, Dearborn, Michigan. 

fl) J. Y. Beacu and 8. H. Baver, J. Am. Chem. Soc. 62, 3440 (1940). 

[2] G. SrreicEr and 8. H. Baver, J. Am. Chem. Soc. 68, 312 (1946). 

[3] W. C. Price, J. Chem. Phys. 17, 1044 (1949). 

[4] R. A. Oaa, Jr. and J. D. Ray, Discussions Faraday Soc. 19, 246 (1955). 

[5) H. C. Lonevet-Hicers, J. Chem. Soc. 139 (1946). 
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are the prismatic model having D,,-symmetry and the octahedral model having 
D,-symmetry. 

The prismatic model is so named because the bridge hydrogen atoms are 
located at the corners of an equilateral triangular prism. The aluminum atom, 
the three boron atoms and the six terminal hydrogen atoms all lie in a plane 
midway between the two ends of the prism. In the octahedral model the BH, 
groups are oriented so that the bridge hydrogen atoms are found at the corners 
of an octahedron. This model can be produced from the prismatic model by 
rotating the BH, tetrahedra by 45° around the Al—B axes. The horizontal plane 
of symmetry found in the prismatic model is not present in the octahedral model. 
Prick [3] has presented a discussion of the molecular parameters in various metal 
borohydrides and has concluded that the prismatic model is the most reasonable 
structure for aluminum borohydride; however, no experimental evidence has been 
given strongly favoring either possibility. 

The only previous spectroscopic work reported is that given in the paper by 
Price [3] who examined the spectrum of Al(B"H,), in the NaCl region. Included 
in this paper are Raman frequencies privately communicated by Rice and Youne 
and apparently unreported elsewhere. They do not appear complete and no 
polarization measurements were mentioned. The observed vibrational frequencies 
were assigned satisfactorily in terms of the prismatic model. 

In the present investigation, Raman spectra of four isotopic species involving 
boron-10, boron-11, hydrogen and deuterium are reported including polarization 
data. Only five totally symmetrical fundamentals have been identified in agree- 
ment with the prismatic model, and the remaining frequencies can be satisfactorily 
assigned on this basis. The likely correctness of the prismatic model is thus 
further substantiated. 


Experimental 


The various isotopic species of aluminum borohydride were prepared by the 
solid state metathesis of the appropriate lithium borohydride and aluminum 
chloride. Purification was carried out by trap-to-trap distillation in the vacuum 
line. Preparation of the various isotopic lithium borohydrides has been described 
previously [6]. The vapor pressure of the normal compound was observed to be 
121 mm at 0-3°C (uncorrected) which is close to the literature value of 119 mm at 
0°C. Aluminum borodeuteride, however, had the higher vapor pressure of 128 mm 
at 0-3°C and, in this respect, the compound resembles deuterodiborane which also 
has a higher vapor pressure than the normal compound. 

To prepare the samples, the liquids were slowly distilled into capillary Raman 
tubes of about 1 ml capacity which were sealed off after the sample had been 
frozen at liquid nitrogen temperature. Raman spectra were then obtained as soon 
as convenient with the liquid at room temperature. The spectrograph and light 
source have been described previously [7]. Polarization information was provided 
by a qualitative comparison of spectra obtained using incident light polarized with 
the electric vector parallel and perpendicular to the axis of the Raman tube. Band 


6 


| A. R. Emery and R. C. Taytor, J. Chem. Phys. 28, 1029 (1958). 
] G. L. Vipae and R. C. Taytor, J. Am. Chem. So . 78, 294 (1956). 


1456 


- 
A 
[7 
VU 
1 
19 
| 
4a 
| 


Raman spectra and vibrational assignments of aluminum borohydride 


positions listed represent averages from several plates, measurements being made 
directly on the plates using a comparator and on enlarged microphotometer 
tracings with a cathetometer. 


Results and discussion 
The observed frequencies and assignments for the four compounds are tabulated 
in Table 1 while typical spectra of Al(BH,), and Al(BD,), are shown in Fig. 1 in 
the form of microphotometer tracings. 


Table 1. Raman vibrational bands and their assignments 


for the various isotopic species of aluminum borohydride 


Al(BH,), Al(BH,), Al(BD,)s Al(B™D,), 


1) (cm 1) (cm 


Assignment 
(cm 


) (cm 
318 38 267 
510 P. 52: 463 
602 il: 569 
976 82 743 


1116 P. 1123 P. 829 P. 

1149 115] 

1392 (broad) 1398 

1495 P. 1499 P. 1092 P. 

1521 1505 

1884 1872 

1925 1930 1455* P. 1461* P. 
2010 2014 

2069 P. 2071 P. 1511* P. 1518* P. 
2226 1668 1685 
2473 P. 2476 P. IS1O P. 1822 P 
2549 2561 1928 1947 


* Fermi resonance involved between the A,’-component of 2y,, and y,. 
polarized, 


The symmetry of the prismatic model (D,,) predicts fourteen nondegenerate 
fundamental vibrations, classified according to species as five A,’, three A,', two 
A,” and four A,", plus fourteen doubly degenerate vibrations, nine belonging to 
the and five to the E”-species. The A,’, and are allowed in the Raman 
effect giving a total of nineteen fundamentals to be expected, five of the bands 
being polarized. The A,”- and 2’-frequencies (thirteen) are allowed in the infrared 
with nine (£’) vibrations being allowed in both spectra. 

The corresponding analysis for the lower symmetry octahedral model (D,) 
predicts seven A,-fundamentals, seven A, and fourteen 2. The A, and £ are 
Raman active and the A, and £ infrared giving seven polarized bands in the 
Raman spectrum and fourteen common to both. 

An approximate description of the twenty-eight fundamental vibrations, 
fourteen nondegenerate and fourteen degenerate, together with their symmetry 


classification based on the D,,-model is given in Table 2. The numbering of the 
frequencies follows the notation given by Price [3] with the exceptions noted. 
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Since coupling between separate BH, groups is likely to be weak, a number of 
accidental degeneracies may be expected between fundamentals belonging to 
different classes but involving essentially the same type of motion within each 
BH, group. A complete identification of all fundamentals does not appear likely 
without high-resolution work. 


a 


1000 2000 3000 cm” 


Fig. 1. Raman spectra of (a) Al(BH,), and (b) Al(BD,),. 


For the purposes of discussion, it is convenient to consider the skeletal motions 
of the Al and B atoms separately from the rest of the vibrations which involve 
hydrogen atoms. The three low-frequency bands at 318, 510 and 602 cm~' in the 
spectrum of Al(BH,), correspond to the Raman active skeletal vibrations v,,, v, 
and »,,, respectively. The assignment of the band at 510 cem~' and the correspond- 
ing bands in the isotopic species as the totally symmetric Al—B stretching motion 
is confirmed by the results of the polarization studies as shown in Fig. 2. The 
absence of a fourth low-frequency band can be cited as being consistent with a 
planar Al—B skeleton since the umbrella motion in a pyramidal model would be 
expected to show appreciable intensity in the Raman effect whereas the correspond- 
ing out-of-plane mode of a D,,-molecule is forbidden. The frequency ratios of the 
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Raman spectra and vibrational assignments of aluminum borohydride 


totally symmetric modes for various combinations of isotopic molecules agree with 
those calculated from mass considerations, assuming the BH, group a point mass, 
within 2 or 3 per cent. The data presented by Price [3] for Al(BH,), include an 
infrared band at 603 cm corresponding to the degenerate Al—B stretching 
vibration; this is in agreement with the prediction that for the planar skeleton 


Table 2. Classification of the fundamental vibrations of the prismatic model of Al(BH,), 


Vibration Symmetry Description 


B—H symmetric stretch phase 


bridge expansion phase 


symmetric bridge stretch (Il) phase 
BH, deformation phase 
symmetric Al—B stretch 

BH, twist phase 
bridge twist phase 


— 


B—H antisymmetric stretch phase 
BH, rock, in plane in phase 
bridge deformation phase 


+ 
: 


— 


asymmetric bridge stretch (Il) in phase 
bridge shear in phase 
BH, rock, out of plane in phase 

Al—B deformation, out of plane 

B—H antisymmetric stretch out of phase 
B-—H symmetric stretch out of phase 


tw 


to 
: 


bridge expansion out of phase 


symmetric bridge stretch (J) out of phase 
BH, deformation out of phase 
BH, rock, in plane out of phase 
Al B stretch 


bridge deformation out of phase 


Al—B deformation, in plane 

asymmetric bridge stretch () out of phase 
bridge twist out of phase 
BH, rock, out of plane out of phase 
bridge shear out of phase 
BH, twist out of phase 


A 
E 
E 


+ 


* y, and ¥,, have been given by Price as A,” and H’ vibrations, respectively, Also, v,, is given as a 4 
band and y,, as a ll band. These are probably typographical errors. 

t Two £” vibrations were not listed by Price. These have been included and the fundamentals of this 
class completely renumbered. 


there is only one infrared-active stretching frequency. Raman data of Youne 
and Rice are given in Price’s paper and their values for y; and v,,, 518 and 600 
cm™~'!, respectively, are in reasonable agreement with the values obtained in this 
investigation. The skeletal deformation »,, was not reported. 

The assignment of the totally symmetric vibrations involving hydrogen atoms 
may be considered next. Price has given the values 2480, 2082, 1502 and 1156 em~! 
for 7,, %, v, and »,, respectively. The values 2473, 2069 and 1495 cm~ obtained 
in the present investigation for »,, y, and », agree quite well with Pricr’s values, 
but there appears to be some uncertainty as to the correct position of »,, the 
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Price has reported Raman bands at 1122 


totally symmetric BH, deformation. 


and 1156 em~' and an infrared band at 1114 em In the present investigation 


two Raman bands were observed at 1116 and 1149¢em™!. Price assigned the Raman 
1 


band near 1150 cm~' as and the band near 1120 cm~ as the degenerate 


(out-of-phase) BH, deformation. This is in agreement with the fact that the 


totally symmetric deformation should not appear in the infrared. The present 


f 


| 


i i i 
° 1000 2000 3000 CM 


Fig. 2. Polarized Raman spectra Al(BH,),: (a E, and (b) By 


work, however, shows that the Raman band at 1116 em~' is polarized and conse- 


quently should be assigned as y,. Since the infrared band reported at 1114 em~! 


clearly is a fundamental it would appear that the symmetric and degenerate BH, 


deformation modes are accidentally degenerate and the degree of coupling between 


groups is weak, as predicted. In the deuterated molecule, the two Raman bands 


shift to about 830 cm~' and coalesce such that they can only be distinguished in 


the B species by virtue of the fact that the intensity of the symmetric band is 


strongly reduced in parallel polarized illumination. The assignment of the 1149 


em” ' band of the hvdrogen species is unclear but it must belong to the FE” species 


since it is neither polarized nor does it appear in the infrared spectrum. Of the 
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{aman spectra and vibrational assignments of aluminum borohydride 


various possibilities, one of the twisting motions, »,, or v,., appears most likely 
from consideration of the magnitude of related frequencies in diborane. The 
assignment of »,, has been somewhat arbitrarily selected. 

The assignments for the E’-vibrations 9, v,, and v,, have already been discussed. 
The value for »,, given in Table 1, 2549 cm~!, agrees quite well with the infrared 
value of Prick, 2553 em~'. However, the second terminal B—H stretch belonging 
to the £’-class, »,, was not observed. Price reports this fundamental at 2493 em-! 
in the infrared and this position is sufficiently close to the strong band at 2473 em~ 
due to the totally symmetric fundamental », that it might not be resolved in the 
Raman spectrum. The values for »,; and »,., 2010 and 1521 em~, respectively, 
are in reasonable agreement with the values given by Price, 2031 and 1500 em~. 
Prick also tentatively reports a weak band at 1407 em~! which he assigns to ro. 
The presence of a weak band at 1392 cm~! in the Raman spectrum would appear 
to substantiate this observation and the assignment as y,, appears plausible. All 
of the last three bands are low in intensity in the Raman effect and broad. The 
only E£’-frequency for which no information is available is »,,. an out-of-phase 
bridge deformation. 

To summarize the £’-assignments, the only frequencies allowed in both the 
Raman and infrared spectra, eight out of nine have been assigned from observed 
bands, and six coincidences appear. One frequency which appears in the infrared 
spectrum, v,,, probably was not observed in the Raman spectrum because of 
interference by another band while another frequency appearing in the Raman 
spectrum, v,,, was beyond the range of the infrared measurements. The observa- 
tions thus appear more consistent with the prismatic model predicting nine 
common bands than with the octahedral having fourteen, although the latter 
cannot be excluded solely on this basis. 

Only two £"-vibrations were observed, »,, mentioned previously and ¥,, at 
“976cem~'. The latter is in excellent agreement with the Raman band at 977 em= 
reported by Price. 

It should be noted that six polarized bands were found in the spectra of the 
deuterium-substituted species. If the prismatic model is correct, one of these 
should be an overtone or combination frequency. Inspection shows that 2y,, (2 
743 cm~') has a value approximately halfway between the two polarized bands 
at 1455 and 1511 cm~ in the spectrum of Al(BD,),. Since 2y,, belongs to the 
species A,’ + E’, resonance can occur with an A,’-fundamental to give a fairly 
intense polarized overtone. The presence of the sixth band can thus be explained. 
A similar explanation applies to the Al(B'’D,), spectrum. Several weak bands 
above 2000cm~' in the spectra of the deuterated species could not easily be 
assigned as overtones or combination frequencies; these are probably due to 
slight contamination with hydrogen. A summary of the assigned values for the 
infrared and Raman active fundamentals is given in Table 3. 

Although the preceding analysis has been satisfactorily carried through on the 
basis of the prismatic D,,-model, some consideration should be given to any 


explicit details of the spectra which might bear directly on the relative likelihood 


of the alternate ()),) model. This is perhaps most simply done by considering the 


correlation between the symmetry classes of the two point groups as shown below. 
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From this table, it is apparent that for the D,-model, all frequencies unpolarized 
in the Raman effect should be infrared active. A possibility of distinguishing 
between the two symmetries thus lies with the frequencies assigned to the £"-class 


Dy, Ds, 
Activity Class Class Activity 


Table 3. Infrared and Raman-active fundamentals of isotopic aluminum borohydrides 


Species Fundamental Al(B"H,), Al(B"D,), Al(B"D,), 


2473 2476 1810 1822 
2069 2071 —~1500* ~1505* 
1495 1499 1092 1093 
1116 1123 820 833 
510 523 463 473 


21547 


978t 


2549 2561 
2493t 
2010 2014 
~1521 1505 
1116 1123 
1392 1398 
602 612 


318 


28 


* Estimated values since observed bands are perturbed by resonance. 
+ From the infrared spectrum. Remaining values are Raman bands of the liquid from present 
investigation. 


1462 


= 

A, 
A 
A,’ 
a R, IR E 
R, IR 
- 
lf 
2 19 
4 
A,” 12 
13 
14 
15 1928 1947 
> 
16 
19 829 833 
21 569 576 
23 324 267 273 
25 1149 1151 829? 825 
E 26 976 9s2 743 751 
= i 
* 
: 


_ 


taman spectra and vibrational assignments of aluminum borohydride 


of the D,,-model. Unfortunately, the present data do not appear adequate to 
give a satisfying answer, particularly since the qualitative depolarization measure- 
ments in the present experiments do not distinguish reliably depolarization ratios 
of about 0-75 or greater from the completely depolarized ratio of 0-86. If one 
grants that all totally symmetric bands have been identified, however, two bands 
remain which have been assigned to the E’-class. One of these Raman bands, 
assigned to »,, at 976 cm, occurs at the same position as an infrared band, 
assigned to v,, at 978 cm~!, and the two are considered an accidentally degenerate 
pair and not the same band chiefly because the frequency is lower than one would 
expect for the only unassigned E£’-frequency, the bridge deformation y,.. This 
argument is not entirely convincing and the coincidence therefore could be inter- 
preted as a point in favor of the D,-model. 

The other £"-frequency occurs at 1149 cm! in the Raman effect and does not 
appear to be present in the infrared. This particular band, then, supplies a specific 
piece of evidence for the prismatic model to support the overall success of the 
analysis. However, a more thorough and extensive investigation of the infrared 
spectrum obviously will be needed before a final answer can be reached. 
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Characteristic infrared absorptions of monoperfluoroalkyl ketones 


C. E. 
Department of Chemistry, University of Pittsburgh, Pittsburgh 13, Pennsylvania 


(Received 2 Auqust 1960) 


Abstract—The infrared absorption spectra of sixteen monoperfluoroalkyl ketones have been 
determined from 650 to 5000 cem~!. Carbonyl stretching frequencies were observed at 1751 

1764cem~? with little differentiation between CF, homologs. Applying the relationship of 
THOMPSON and JAMESON to the measured carbonyl frequency values, a o* value of +2-81 was 
assigned to the trifluoromethyl group. A characteristic pattern of bands in the 1100-1350 em™! 


region associated with C——F vibrations was observed. 


Many of the unique reactions and properties associated with perfluoroalky! 
compounds may be attributed to the high electronegativity of the perfluoroalky! 
group. On the basis of thermochemical and stretching force data, LaGowsk1 [1] 
has assigned an effective electronegativity of 3-3 to the trifluoromethyl group. 
In the course of studies on the effect of induction on the phosphoryl stretching 
frequencies of phosphonates [2], it became desirable to determine the Taft sub- 


stituent constants for perfluoroalkyl groups. Of the various methods for the 
determination of such constants, application of the relationship between y,, and 
o* appeared to be most useful. Extending the earlier relationship between y,, 
and Gordy electronegativity established by KaGariseE [3], O SULLIVAN and SADLER 
(4). and THomrson and Jameson [5] showed a linear relationship to exist between 
y.. and o* of the attached groups for ketones and other carbonyl compounds. 
Accordingly the infrared spectra of a number of monoperfluoroalkyl ketones have 
been recorded in an effort to determine o* for the trifluoromethyl, pentafluoroethy| 
and heptafluoropropyl groups. 

While a large body of information is available regarding the influence of 
x-bromine substitution on »,, in ketones, the data concerning fluorine substitution 
is very limited. HaszeLpINEe has indicated carbonyl! absorption for monoperfluoro- 
alkyl ketones to center about 1770 cm~! in the vapor phase [6]; thus CF,COCH, 
absorbs at 1776cem~' and C,F,COCH, at 1770 em [7], 40-50 cm~ higher than 
the non-fluorinated analogs. In confirmation, Sa1gorrx and SHEVERDINA report 
CF,COCH, to have carbonyl absorption at 1770 cm~' [8]. McBee et al. have 
quoted a range of 1724-1739 cm”! for perfluoromethyl, ethyl and propyl ketones 
in the liquid phase [9]. A number of «:/-unsaturated ketones have been shown to 
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absorb at 1730 cm~! while the {:y-isomers have absorption at 1773 em~! [10, 11). 
Perfluoroalkyl pheny! ketones are reported to absorb at lower frequencies (1689- 
1709 em~!) {9}. 

Experimental 


Samples of the ketones examined in this study were provided by Professor 
{OBERT LeviINE. All samples were redistilled to give fractions with the physical 
constants reported in the literature [12]. Spectra were determined on center cuts 
from these fractions. 

The absorption spectra were measured with a Perkin-Elmer model 21 spectro- 
photometer employing sodium chloride optics. The 850-5000 cm-! region was 
examined by means of dilute solutions (0-5—2-0 per cent) in carbon tetrachloride 
which was first purified by distillation from phosphorous pentoxide; solvent 
absorptions were removed by compensating in the reference beam. Spectra of 
pure liquids in the 650-5000 cm~! region were determined by means of thin films 
on sodium chloride plates. The accuracy for carbonyl bands was within +5 em~. 


' with the usual intensity notations are given 


Observed frequencies in cm 
below for four representative ketones. 

Trifluoromethyl-n-butylketone (le): 2933s, 2882s, 1761 vs, 1471s, 1460 m, 
14068, 1383 m, 1337 m, 13048, 12928, 1253.8, 1205 vs, L151 vs, 1115 vs, 1091 s, 
1057 m, 1029 vs, 990 m, 982 m, 929 w, 887 w, 740 w, 705 w. 

Trifluoromethylphenylketone (Ij): 2976 w, 1721 vs, 1603 vs, 1506 w, 1479s, 
1453 8s, 13398, 13258, 1309s, 1203 vs, 1178 vs, 1149 vs, 1071s, 1016s, 100058, 
941 vs, SOL w, 751 m, 7478, 713s, 683s, 670s. 

Pentafluoroethyl-n-propylketone (Ile): 2959s, 2899m, 1757 vs, 1464s, 
1406s. 1337 vs, 1307s, 1199 vs, 1168 vs, 1135 vs, 1120 vs, 1057s, 950s, 881 m. 

Heptafluoropropyl-n-butylketone ([Ile): 2933s, 1764 vs, 1471 m, 1404 m, 
1385 m, 1348 vs, 1227 vs, LISI vs, L126 vs, 1027s, L000s, 938s, 9OL 8s, 86058, 
S15 w, 748 m, 7358 m. 

Discussion 

The 7. values obtained in this study are summarized in Table | together with 
certain values from the literature which have been reported specifically. The 
frequency values for the trifluoromethyl alkyl ketones (1) fall within the range 
1757-1764 em~ in solution, an increase of approximately 40 cm~! from the fre- 
quency near 1720cm~' found for the aliphatic analogs, reflecting the strong 
inductive effect of the trifluoromethyl group. Fluorine substitution has been 
shown to cause increases of the same magnitude in the carbonyl frequency of 
aldehydes |13], esters [14], and acyl halides [15]. The degree of association in 
liquid and solution is approximately the same since values for the two states lie 


co 


within experimental error. Further, no shift in y,, occurred with successive 


dilutions for a number of samples. The occurrence of association in solution and in 
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the liquid phase is shown by the 9 cm rise in frequency for pentafluoroethy|- 
methylketone on passing from solution to vapor. The magnitude of this frequency 
increases and thus the degree of association is less than for the aliphatic analog 
(methylethylketone) which shows a 17 cm~' rise on passing from solution to the 
vapor state [16]. The lesser degree of association for the fluorinated ketones is 
consistent with the pronounced inductive effect of the perfluoroalkyl group. The 
increase in y,, for perfluoromethylketones reflects an increase in carbonyl force 
constant [14] and, as a result, a decrease in the dipole moment of the carbonyl 


Table 1. Carbonyl stretching frequencies of monoperfluoroalky! ketones 


(1) CF,COR (II) C,F,COR (111) C,F,COR 
Solution Liquid Solution Liquid Solution Liquid 


R 

a) CH, 1761 
b) C,H, 

n-C,H, 1757 1773 

i-C,H, 1754 

n-C,H, 1764 1751 1764 

n-C, Hy, 1761 

CH,CH—CH 1730* 1730* 

CH,=—CHCH, L773t 1773* 

C,H,CH, 1764 1767 17392 

C,H, 1721 1724 1712 


* Reference {8}. + Reference [9]. t Reference 


bond, lowering the degree of association due to dipolar interactions. In analogy 
to the well-known example acetone, it is probable that the larger portion of this 
frequency shift arises from such electrostatic forces, but the possible influence of 
the dielectric force of the medium cannot be discounted. 

Approximately the same frequency ranges are observed for the pentafluoroethy! 
(1751-1761 em~) and heptafluoropropyl (1751-1764 em~') alkyl ketones as for 
the trifluoromethyl analogs. The increase in frequency relative to the aliphatic 
analogs is again approximately 40 cm~'. From the results of this study it would 
appear that the frequency range cited by McBex ef al. [9] is approximately 25 em-! 
low. 

The three pheny! ketones studied show a smaller frequency rise (20-30 em~) 
relative to the non-fluorinated analogs than do the alkyl ketones, reflecting the 
greater importance of resonance in the determination of force constants and },9. 

The relationship between y,, and o* developed by THompson and JAMESON [5] 
gives satisfactory results for carbonyl compounds (RCOR’) in which neither of 
the groups possesses appreciable mesomeric influence. The relationship is expressed 
by the equation 

1720 
Using this equation, new values of o* can be calculated from frequency data when 
there is only one unknown group in the set R and R’. Employing the frequency 


[16) J. Lascomag, P. Graneor and M.-L. Josten, Bull. soc. chim. France 773 (1957). 
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values for the trifluoromethyl ketones (Ib-f,i) and standard o* values [17] for the 
second substituent, the average o* value calculated for the trifluoromethyl group 
was -+-2-81 + 0-22. The maximum percentage deviation from average values and 
arising from experimental error was of the same magnitude (7-9 per cent). This 
value is in reasonable agreement with the value of +2-595 +. 0-160 obtained by 
Jones and Hancock [18] from spectrophotometric studies of phenyl hydrazones 
and is in better agreement with the value of +2-79 calculated by the method of 
Brown [19]. 

These o* values lead to somewhat different conclusions regarding the inductive 
nature of trifluoromethyl than do those obtained by Lacowskxt [1], and further 
illustrate the discrepancy which exists between Taft substituent constants and 
electronegativity values. The effective electronegativity of trifluoromethy! lies 
between that of fluorine (4-0) and chlorine (3-0). In contrast, a weaker inductive 
effect for trifluoromethyl is indicated from o* values which are of the same order 
as that of bromine (+ 2-80), greater than that of trichloromethyl (-+2-65) but 
significantly less than those for chlorine (+ 2-91) and fluorine (+3-08). Taft has 
commented upon the appreciable influence on electron withdrawing power exerted 
by such environmental factors as the electron density and the intrinsic electro- 
negativity of the first atom in the group [17]. The importance of these factors 
probably accounts for the relatively small differences in o* values for tribromo- 
methyl (-+-2-50) [19], trichloromethyl (-+2-65) and trifluoromethyl (+ 2-81) and 
the relative position of trifluoromethyl on the o* and effective electronegativity 
scales. 

An extension of the above treatment to the CF, homologs was undertaken in 
an attempt to assess the inductive power of the pentafluoroethyl and hepta- 
fluoropropy! groups. Measurements of the acidities of a number of saturated and 
unsaturated acids have shown those acids containing the heptafluoropropy! group 
to be ionized to a slightly higher degree than the trifluoromethyl analogs. On the 
basis of these results the heptafluoropropyl group has been assigned a stronger 
electron withdrawing power than trifluoromethyl! [20]. However, factors such as 
solvation and hyperconjugation, as well as induction, probably contribute to the 
apparent acidity in these cases and, consequently, the results can be considered 
only as indicative since no quantitative assessment of the various factors has been 
attempted. A similar conclusion has been reached by Ravscu et al. [10] on the 
basis of K-band displacements in perfluoroalkyl propenyl ketones. If electron 
withdrawing power increases in the series trifluoromethyl, pentafluoroethy], 
heptafluoropropyl, a steady progression to higher frequencies should be observed 
for characteristic group stretching frequencies. For isocyanates and nitrosoalkanes 
(Table 2) such an effect is observed, but for the remaining compounds in Table 2 
and the ketones in Table 1, either no change or a decrease in frequency occurs in 


[17] R. W. Tarr, Steric Effects in Organic Chemistry (Edited by M. 8. NewMay) jpp. 613-620. John Wiley, 
New York (1956). 
| L. A. Jones and C. K. Hancock, J. Org. Chem. 25, 226 (1960). 
. Brown, J. Am. Chem. Soc. 80, 6489 (1958). 
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the series. Since the shifts which occur are small and within the limits of reproduci- 


bility and resolution of the spectral methods employed, it appears that differences 


in inductive power of the three perfluoroalky! groups are too minor to be discernible 


in infrared studies. The trend of the evidence from recorded spectra does, however, 


indicate that such differences exist, the effects being the reverse of those predicted 


i.e. a decrease in frequency in the series. Only in the case of the phenyl ketones 


(L-I11j) do the shifts lie clearly outside the limits of reproducibility and the 


direction of these shifts indicates trifluoromethyl to be the most strongly electron 


withdrawing of the three groups. However, these shifts are only slightly greater 


lable 2. Group stretching frequencies for 


pertiuoroalk 


COOR 1782 17s86* 14 
{ CH 2151 2146 7 
NCO 1462 1472 t 
( N 2273 226s 2268 
CHO 1780 1780 13) 
NO 1600 1603 1608 


1505 


1789; C.F,,, 1786; C.F,,, 1789 
D. A. Barr and R. N, Haszecprve, J. Chem. Soc. 3428 


N. Haszecpixne and B. J. H. Marrinson. J. Chem 
$172 (1955 


than experimental error and no great significance can be attached to a single 


example of such an unexpected effect; more accurate evaluation may be possible 


under conditions of higher resolution than are obtained with conventional rock 
salt optics 


rhe ketones I-III show the intense absorption in the 1100-1350 em~ region 


characteristic of highly fluorinated materials; while few correlations have been 


established in this region, these absorptions are generally useful for the fingerprint 
method of identification. HaszeLprne has stated that the homologous ketones Ia 


and Ila may be distinguished readily by the characteristic pattern of bands in the 


1100-1250 em~'! region of the spectrum | 


|. Examination of the spectra of the 
ketones I—II1 revealed distinctive patterns of bands which may be associated with 


(—-F stretching vibrations. As summarized in Table 3. trifluoromethyl ketones 
[) show a pattern of nine bands, pentafluoroethyl ketones (II) six bands and 


heptafluoropropy! ketones (III) seven bands. The only invariant band is that at 


1253-1269 cm~'!, associated normally with a ( F in-plane stretching mode [21 |. 


A number of workers [15. 22) have cited a range of 1325-1370 em~ for the 


21) J. Masow and J. Dunperpa.e, J. Chem. Sor 754, 759 (1956) 
22) G. V. D. Turmrs, H. A. Brown and T. S. Ret, J. Am. Chem. Soc. 75, 5978 (1953). 
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trifluoromethy! group in compounds of the type CF,(CF,), X (X = functional group); 
HAUPTSCHEIN ef al, report a decrease in the intensity of this band and the appear- 
ance of a weak band at 1390 cm~' when » = 0 [15]. A band in this frequency 
range is present in the ketones I-III and shows a steady progression to higher 
frequencies with the intensity for type I ketones being diminished. However, the 
reported 1390 cm~! band is absent or obscured in these trifluoromethyl ketones. 


While no simple correlations can be formulated, the band patterns in Table 3 are 
characteristic and serve as a convenient method for differentiation of the homo- 
logous ketones. 
Table 3. Carbon—fluorine stretching frequencies in 
monoperfluoroalky!l ketones (ReCOR) 


Ry = CF, 


1316-1337 1325-1337 342-1351 s—vs 
1282-1299 s* 

1253-1267 s* 1259-1268 1256-1269 s-vs 
1192 —1205 vs 1190-1206 1220-1233 vs 
1147-1151 vs 1157-1175 1181-1186 vs 
1106-1120 s-vs 1120-1135 1120-1126 vs 
s-vs 1085-1091 m-—s 
1016-1078 s-—vst 1040-1072 1008-1030 w—s 


* Unresolved in phenyl ketone. 


t Doublet in pheny! ketone. 


t Two bands. 


Carbon-—fluorine symmetric deformation frequencies have been reported for 
trifluoromethyl! compounds in the 731-751 em~! range [21, 23]. Four trifluoro- 
methyl ketones (le, f, i, and one heptafluoropropy! ketone (II lc) examined in 
the 650-800 cm~! region were found to contain such a band at 740-751 em~'. 
In a detailed examination of this absorption region, JANDER and HaszEeLpINe [24] 
have noted the presence of a well-resolved triplet arising from trifluoromethyl 
deformation at 757, 750 and 744 cm~! for CF,NO, and at 739, 731 and 721 em~ 
for CF,NO. Resolved triplets are observed in the spectra of If (747, 724, 707), 
li (746, 721, 708) and Ij (751, 747, 713 em™~'); heptafluoropropyl-n-butyl ketone 
(IIIc) shows only a doublet (748, 738 em~') in this region. Thus this absorption 


pattern is probably characteristic of compounds in which a trifluoromethy! group 


is joined directly to a functional group. 
Of the remaining absorption bands examined, normal frequency ranges were 


? observed for methyl symmetric (1376-1385) and asymmetric (1458-1471) defor- 
mation frequencies and for aromatic skeletal in-plane vibrations (1600-1605 and 
1502-1506 cm~'). Methylene deformations were shifted to lower than normal 
frequencies and occur at 1401-1418 cm~; such a shift is consistent with the 
observation of Notin and Jones that methylene groups adjacent to carbonyls 
absorb at 1410-1430 cm-~', a displacement from methylene absorption at 1465 cm~! 
[23] L. J. Becuamy and R. F. Brancn, Nature 173, 633 (1954). 


[24] J. Janper and R. N. Haszevprive, J. Chem. Soc. 912 (1954). 
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in alkanes [25]. Noi and Jones have also reported a methylene deformation 
hand at 1355em~!. The band at 1316-1351 em~ in ketones I-I11 (Table 3) lies 
close to this frequency and might have its origin in methylene vibrations; however, 


this band is present in the phenyl ketones I-II1j and therefore must be associated 
with a C-—F stretching mode. 
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Abstract —The rotation-vibration spectrum of hydrazine vapour has been measured from 250 to 
750¢m !. The torsional vibration bands arising from the transition of n:0 — 1,0 1 2 


were assigned. The centres of the bands were located at 376-74, 665-9 and 289-5 em=}, respec- 
tively. By the analysis of the fine structure, rotational constants were determined. From these 
the bond lengths and the bond angles of the molecule were calculated. According to the irregular 
spacing of the Q-branch near the centre of the band, the asymmetry factor ¢ was estimated to be 


very small, and the molecule appears to have a right-angle structure. 


Introduction 
THE stable configurations of molecules with lone-pair electrons have been studied 
by many authors. Hydrogen peroxide molecule has been shown to have the 
right-angle structure by theoretical [1] and experimental [2] investigations. A 
similar configuration has also been found for 8,Cl,, 8,Br, [3]. On the other hand 
methylamine |4] and methyl alcohol [5] molecules have the staggered configuration 
as has been found in the case of ethane-type molecules. 

In the case of the hydrazine molecule, which consists of two amino groups 
capable of rotation around the NN axis, there are many problems which are left 
to be solved. Penney and SuTHERLAND [1] postulated the right-angled structure. 
Cotuisx and Lirscoms [6] concluded that in the crystal this molecule has the 
eclipsed form. Since this molecule was found to have a permanent dipole moment 
in the gaseous |7] and liquid states [8], the frans-structure was rejected in both 
states. From the electron diffraction experiment the bond lengths and angles 
were obtained [9]. However, the azimuthal angle of internal rotation has not yet 
been determined. 

The torsional frequency of hydrazine has not been measured directly. FRe- 
seNIUS and Karwel!L| 10] assigned to this frequency the weak Raman line observed 

1! W. G. Pexney and G. B. B. M. Surwertanp J. Chem. Phys. 2, 492 (1934). 
2) L. R. ZemMwacr and P. A. Gieurrr, J. Chem. Phys. 9, 458 (1941); P. A. Grevére, Jbid. 18, 88 

(1950): P. A. Grevére and O. Bary, J. Phys. Chem. 56, 340 (1952); P. A. GievkrR D. Liv, 

J. 8S. Duepae and J. A. Morrison, Can. J. Chem. 32, 117 (1954); O. Barw and P 

Ibid. 38, 527 (1955) 

Y. Morro and 8S. Papers Inst. Phys. Chem, Research (Tokyo) 32, 220 

E. Hrrora, Bull. Chem. Soc. Japan $1, 130 (1958). 

T. Nesurkawa, J. Phys. Soc. Japan 12, 668 (1957). 

E. V. Ivasn and D. M. Dennison, J. Chem. Phys. 21, 1804 (1953). 

R. L. Coit and W. N. Lipscoms, Acta Cryst. 4, 10 (1951). 

T. Cura, Private communication; T. Kozma, H. Hrrakawa and T. Oxa, J. Phys. Soc. Japan 18, 

321 (1958). 

L. F. Auprrera, W. Nesprrar and H. Unicnu, J. Am. Chem. Soc. 55, 673 (1933). 

\. Giovkre and V. Scuomaxker, J. Am. Chem. Soc. 65, 2025 (1943); Y. T. and 


Murata, Bull. Chem. Soc. Japan 38, 46 (1960). 
’. Fresenius and J. Karwei, Z. physik. Chem. Leipzig B 44, 1 (1939). 
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at 749 cm~' in the liquid state. However, Scott ef al. [11] suggested from the 
assignment of Raman lines and the thermodynamical calculations that the torsional 
frequency was about 360 

Recently we have measured the infra-red and Raman spectra of hydrazine in 
the liquid and solid states and the high resolution infra-red spectra of this substance 
in the gaseous state. These observed frequencies have been assigned taking into 
account the result of normal vibration calculation [12]. The rotation vibration 
band observed in the region 260-460 cm~! has a structure similar to the perpen- 
dicular band of the symmetrical top [13]. The centre of this band was determined 
to be at 376-74 cem~'. This band was assigned to the torsional vibration, since all 
the other perpendicular vibrations were assigned to the bands observed in the 
region higher than 750cm~'. From the analysis of the fine structure we could 
determine rotational constants, bond lengths, bond angles and the angle of internal 
rotation. This result was found to be consistent with that of the recent electron 
diffraction measurement made by Mortno et al. [9]. 


Experimental 

In the region from 250 to 750 em~! we found two series of bands. The first 
series which is found in the region from 260 to 460 cm~' was measured with a 
grating spectrometer designed and built by Yosuryaca and his collaborators [14]. 
A 480 lines/in. echelette grating is used in this region. Radiation source, filtering 
and chopping combination are the same as those reported by YosurnaGa ef al. 
The instrument is calibrated by water lines. The second series found in the region 
from 600 to 720 cm”! was measured by the Perkin-Elmer 112G grating spectro- 
meter. 

The sample was prepared by distillation of hydrazine monohydrate over sodium 
hydroxide. This procedure was repeated several times (b.p. 113-5°C) and collected 
into the glass tube on keeping out of the atmospheric humidity. 

The pressure of the gas cell was kept about 5-7 mm Hg at room temperature. 
For the first series of measurement, the optical path length was about 1-4 m, and for 
the second series a multiple reflection cell was used, the path length being 8-75 m. 

Relative intensities of neighbouring lines should be reasonably correct, but 


those in more widely separated regions are less correct due to the possible change 
of the sample pressure. Hydrazine tends to react with the oxide film covering the 
inside surface of metal vessel and to produce water vapour, the absorption of 
which overlaps that of hydrazine. Accordingly, we measured the spectrum after 
flushing the gas cell with the sample several times. 


Results and assignments 
Fig. 1 shows the observed far infra-red spectrum and that predicted from the 


analysis. 


11) D. W. Scorrt, G. D. Oviver, M. E. Grose, W. N. H. Huspparp and H. M. Hurrman, J. Am. Chem. 
Soc. 71, 2293 (1949). 

12) A. Yamacucui, Nipponkagaku Zasshi 80, 1109 (1959). 

13) A. Yamacucnt, I. Icntsnima, T. SHimanovucnut and 8. Mizusnima, J. Chem. Phys. 31, 843 (1959). 

14) H. Yosnrnaca, 8. Fugrra, 8. Mrvami, A. Mrrsutsui, R. A. and Y. Yamapa,J. Opt. Soc. Am. 

48, 315 (1958). 
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Far infra-red spectrum of hydrazin 


According to the analysis to be explained below a fundamental and a hot band 


were observed with centres located at 376-74 em~! and at 289-5 em—. respectively. 


An overtone was observed with its centre at 665-9 em ' These three bands are 


assigned as follows: 


(0 — 1) = 376-74 em" 


(1 +2) = 289-5 em" 
(0 —» 2) = 665-9 em”! 


where 0. | and 2 indicate the quantum numbers of the torsional vibration. The 
376-74 cm~' band cannot be assigned to an overtone because no band is found in 


the region 460-600 


44 G4 Oh Q 
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K:7-e¢ 
suit] 


K 


Fig. 1. Far-infra-red spectrum of hydrazine. The dotted lines denote the parts covered by 
the absorption of water lines. The lower parts give the calculated frequencies and inten 
sities, The positions of dots indicated for Q-branches give also the frequencies and inten 


sities for the calculated fine structures with various J-values. The triangles in the cal 
culated spectrum show the positions of Q-branches for the hot band. 


1. Method of analysis 


The structure of bands due to the torsional motion depends strongly on the 


barrier height of internal rotation because of the coupling with the overall rotation. 
DENNISON and others [5, 15] developed a theory of the hindered rotation in order to 
analyse the spectrum of methyl alcohol. If the barrier of internal rotation is so 
high that the hindering rotation becomes the torsional vibration, the band has the 
regular rotational fine structure predicted from the rigid model, whereas in the 
case of free rotation the spacing of this band is larger than that of the rigid model. 
The spectrum observed in the present experiment shows that the hydrazine 
molecule belongs to the former case. The fact that the torsional frequency is 
found at 376-74 cm~'! also indicates the high barrier of internal rotation. 

The rotational energy of an internal rotor can be expressed as the sum of two 


terms, 
(1) 


[15] J. 8. Koenier and D. M. Dennison, Phys. Rev. 57, 1006 (1940); D. G. Burkuarp and D. M. 
Dennison, Ibid. 84, 408 (1951). 
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where E, and E£, represent the contribution of hindered and overall rotation, 
respectively. E, depends partly on the quantum number of overall rotation and 
that of the tunnelling process related to the double minimum potential of internal 
rotation. However, in the present case the torsional frequency is fairly high and 
the splitting of lines due to the tunnelling effect is not observed. Therefore, the 
following simple equation is assumed: 


E, = hyn + 3) — hy, X(n 4)? (2) 


where n is the quantum number of torsional vibration, v, is the torsional frequency, 

and X is a coefficient related to the anharmonicity correction. In the case of a 

slightly asymmetric rotor, if we neglect a relatively small correction term arising 

from the asymmetry effect [16], the overall rotational energy. E,, can be expressed 

as follows: 

h? 
IJ,’ — D? 


2 
(J? 4J — K%) + — (3) 


lia 


where /.. J,. J, are moments of inertia of the molecule about the figure axes, 
£.y and ¢, and DP is the product of moments of inertia with respect at the &, C-axes. 
The direction of £, 4, (-axes are chosen in such a way as the £-axis is parallel to the 
N—N bond, and the y-axis is on the C, symmetry axis of molecule. The (-axis is 
perpendicular to these axes. The origin of the co-ordinate system is taken at the 
centre of gravity of the molecule. J.’ is the moment of inertia of one NH, group 
about the £-axis. and therefore / 2],’. 

Since the asymmetry of hydrazine is very small as discussed in Section 7, and 
since its torsional oscillation has the dipole change perpendicular to N—N axis, the 
spectrum was treated as the perpendicular band of a symmetric-top molecule. 
Therefore the changes of J of the allowed transitions are as follows: 


AJ 0. . ARK 1. An 0. 


The bands due to the transition An | are observed in the far infra-red region as 
fundamental (n = 0— 1) and hot (n |» 2) bands. The band due to the 
transition Av 2 appears in the infra-red region. Only the band due to the 
transition (n = 0— > 2) is observed. The frequency corresponding to the transition 
An 0 falls into the region between the microwave and the far infra-red frequen- 
cies. All the transitions of each band are divided into two series; one with AJ 0, 
AK 1, and the other with AJ 1, AK 1. The first series gives well- 
defined successive Q-branches which are expected to have spacing of about 8 cm~! 
in the case of hydrazine. The second gives R- or P-branches with smaller spacing 
of about 1-6 

The energy of overall rotation, E,, is expressed in terms of rotational constants, 


A. Band C in wavenumbers. as follows: 
I,’ 
Id. 


16) K. Suimopa, T. Nisuikawa and T, Iron, J. Phys. Soc. Japan 9, 974 (1954). 


where A and \(B h/ 2c | 
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The frequency of each line is then obtained as follows: 


*Q: +[A’ — + C’)] + 2[4’ — 


(J 
yk? 
(J 

1B’ +’ — + + yK? 
(B’ C’\(J + 1) (J 


[.A’ + C’)| 2{ A’ 


(B’ + C’)| — 2[A’ 


(B’ + C’)\J 
+ 


where y = [A’ — }(B’ + C’)] —[A’ + C")), 6 = + C’) — +C”’) 
and », is the centre of the band, arising from a transition related to the change of E.. 
Single and double primes refer to the upper and lower states of transition, re- 
spectively. The effect of the term involving the asymmetry factor, ¢, will be con- 
sidered later. The splitting of lines by inversion was not clearly observed and its 
effect was ignored. 

The intensities of these lines are calculated from the following equation [17]: 


A.v.g. exp exp (—E"/kT) (6) 


where A is a constant, independent of A and J but dependent on the vibrational 
transition, and g is a weight factor arising from spins of hydrogen and nitrogen 
nuclei. The ratio of g of the levels, symmetric and antisymmetric with respect to 
the C, operation is 13/11. In this case both the electronic and vibrational eigen- 
functions are symmetric and, therefore, the rotational eigenfunction is antisym- 
metric, since the total eigenfunction is antisymmetric. However, the intensity 
alternation cannot be observed in the case of the B-type band owing to the 
degeneracy of levels for each A-value. When A is zero, the energy levels are not 
degenerate and the spin factor of the even state of J becomes different from that of 
the odd state. In the case of “Q, this difference cannot be observed because of the 
overlapping of Q-lines with various values of J. However, for R- and P-branches 
the intensity alternations are to be expected in the series of “R, and “P, lines as 
shown in Fig. 1. In this case, however, they cannot be observed in the spectrum 
owing to the overlapping by other lines. F%-? is the transition probability for 
(J”, K") — (J’, K’) which may be used also approximately for that of a symmetrical 
rotor. The factor {1 exp (—hv/kT)| takes care of the effect of the induced 


17| D. M. Dennison, Revs. Modern Phys. 3, 280 (1931). 
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inverse transition. It has little significance in identifying the lines, since it does not 
affect the intensity of neighbours. The term exp (—E"/kT’) arises from the Boltz- 
mann distribution of molecules in the ground state. We calculated the relative 
line intensity as the product of the transition probability and the Boltzmann 
factor which are the main factors determining the relative intensity for neighbouring 
lines. The intensities are calculated as follows 


*Q: I = (2 + + K + — K)/J(J + 1) 


+ + 1) — + /k7) 
*Q: 1=(W + —K + +21) 

(—|}(B" + +1) + [A" — + 
FR: + K + 1) 


- (7a) 


(—|}(B" + + 1) + [A" — + 


(7b) 
PR: I=(J —K — K + 1) 
(—|}(B" + l) +[A” — 4(B" C"))K* kT} 
KP: ] (J K 
(—|4(B" + 1) +[A’” kT) (10) 
c 


PP. (J kK 1)(.J 
exp (J 1) [A” — 4(B" kT) 


From these equations the frequency as well as the intensity of each line is 
obtained with the use of the molecular constants. The analysis was made according 
to the following procedures. 

(1) Frequencies and intensities of rotational lines were calculated with the use 
of the approximate values of the rotational constants. 

(2) By comparing the observed lines with the calculated, strong lines were 
assigned. 

(3) Based on this assignment, the exact values of rotational constants were 
calculated by the method of least squares. 

(4) It was confirmed that the frequencies and intensities of all observed lines 
were in good agreement with those calculated. 

(5) The band centre was determined from the effect of asymmetry. 


2. Analysis of Q-branch 

As in @-branches of usual bands, lines with AJ 0 fall close to each other. 
The lines shown in Fig. | with spacing of about 8 em~! arise from the transitions 
AJ = 0, AK 1. It is remarked that the shape of the Q-branch reveals an 
asymmetry. This is due to the effect of the term of 6/(J 1) in equation (5a), the 
usual interaction between vibration and rotation. The recorded maximum —_ 
will thus be shifted by this convergence from the origin of sub-band. »™”. of a 


given A-value. In the present investigation the component lines cannot be 
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resolved, but the factor [}(B’ + C’) — 4(B" + C")| may be estimated from the 


shape of the Q-branch. The difference between »,,,. and vf" can be estimated as 


follows. In the observed spectrum, the width of the Q-branch near the centre is 
about 4em~!. On the other hand, the intensity distribution of the Q-branch is 


given in equation (7a). According to this equation the intensities of the lines 
with J 28-30 become as weak as one fifth of that of the strongest line with 
J 11-12. Since the lines with J 0-29 fall in the range of about 4 cm~, the 


10 


30 


Fig. 2. Shape of the *Q,-branch. 


value of C”)] is estimated to be —0-005 cm-". This agrees 
very well with the value —0-0046 em~! obtained from the analysis of R- and P- 
branches to be discussed in the next section. The number of J for the strongest 
line of the Q@-branch, is obtained from equation (7a). Therefore the difference 


b 


and v*"" is calculated as: 


Avy = [}(B’ + C’) — + 


between 


(J 1) 


max max 


and we can estimate the frequency of the sub-band origin, v3"", from the observed 
maximum, v,.... The values of » and »*"" for various K-values are shown in 


Table 1. The rotational constants are obtained by the least-squares method, putting 


‘max 
the values of »*"" as follows: 


[A’ — , [2{A’ — 4(B’ + C’)} + 4D,’|K 
[{A’ — A’ + + 6D,'|K? + 4D,'K* 


= 
Hite 
| 
20 
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} 
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| | 
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where D,’ is the centrifugal distorsion constant, obtained from the observation of 
successive (-series, and the difference between D, of upper and lower states is 


neglected. The result is shown in Table 2. 


Table 1. Successive Q-series of the fundamental band 


sub 

max Ai 
obeerve dt 
I 


(cn 


25-72 426-4 
418-37 ORS 419-22 
Ky), 410-92 0-77 411-69 
03-41 404-10 
395-76 OOS 306-41 
RQ, 0-62 
* 380-35 (380-04) 
372-24) 372-83) 
364-27 364-80 
347-08 348-67 
330-74 0-77 340-51 
ro, $31-48 0-85 $32-33 


ind *U,-branch ire different from those 


il t} mmetric-top model, due to the effect of asvmmetrv as 


lables 5 and 6 


sain of R 


The R- and P-branches of the perp. ndicular band of a svymmetric-top form an 


and P hranche 


ntermingling pattern of background which generally is not resolved. However, in 


tT? 


1¢ case of hydrazine, we could assign the R- and P-hranch lines detinitely, as the 


R- and P-branch lines of one sub-band coincide accidentally with the lines of 


ther sub-bands This appears to be the origin of the series of weak lines with 


obtained 


O-Olem 


em! 


| ! 


Cnn 


small spacing observed in the spectrum, and it is confirmed by the fact that these 


lines have almost the predicted intensity distribution as shown in Fig. 1. Of the 


lines expected to have almost the same wavenumber one or two strongest lines 


are chosen and used for the calculation of rotational constants. The assignment is 


listed in Table 3. Rotational constants determined from them are shown in 
Table 4 
With these values of rotational constants and relative intensities. the absorp- 


tions are calculated and the result is shown in Fig. 1. This is in good agreement 


with that observed. Some intense lines found in the lower-frequency region are 
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attributed to the Q-branches of the hot band, (An » 2), which will be described 
later in detail. 


4. Determination of the band centre 


As mentioned above, the series of G-branches of hydrazine does not show any 
intensity alternation, which would be useful to determine the position of band 


Table 3. Assignment of R- and /’-branch lines 


freq freq 


Assignment Assignment 


(cm {com 
10) 389-87 
385-55 R,(7) 
384-02 ‘Rol PR,(6) 
382 
379 PR,(8) 
377-26 PR.(7) 
370 
367-37 
SOLS: 
359 


346 


band centre, ry. ¢ rotational constants 


from the R- and he fundamental band 


376-74 0-03 em 


0-005 cm 
0-004 em 
0-002 em 


0-002 em 


centre as in the case of methy! halide. We determined the band centre of torsional 
vibration of hydrazine, from the following reasons. 

(1) In the vicinity of the band centre, Q-branches are shifted due to the effect 
of asymmetry to be discussed in the later section. In the first approximation, the 
*Q.-branch is shifted to higher frequency and the “Q,-branch to lower frequency 
from the position where the Q-branch without the asymmetry would fall. Other 
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Q-branches will appear in the position predicted by the symmetric-top approxi- 
mation. This is the case as shown in Fig. 4. The spacing of the Q-branches of 
symmetric-top molecule is expected to increase gradually as it goes from the 
high-frequency side to the low-frequency one. However, the differences between 
the Q-branches at 387-99 and at 380-35 em 1 and those at 380-35 and at 372-24 
cm~ are irregular as compared with those of the other Q-branches. This is easily 


Qa, "Q, "Q, 


Fig. 4. Irregularity of the Q-series arising from the asymmetry. 


seen from Fig. 3 and we can conclude that the “Q,-branch at 380-35 em~? is shifted 
to higher frequency from its original position. 


(2) The Q-branches of overtone and hot bands also have an irregular spacing 
near the centres of bands. The three y,’s thus determined satisfy the following 
combination relation: 


| . 
oO 
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(3) The intensity distribution of the Q-branches for various K-values is in good 
agreement with that calculated, assuming the band centre to be at 377 cm-. 


5. Overtone 


The transition with An 2 appears in the region of 600-720cm~'. It was 
a possible to identify the Q-branch corresponding to this series, and the analysis was 
re attempted exclusively to the Q-branches. The irregular spacing of the lines at the 
centre of the band is used to assign the A-number of the series. The observed values 
Table 5. The Q-branches of the overtone and rotational constants 
— PQxR)/4K — PQx.,)/4K 
KOK POK A’ —}(B’ A’—}(B 
(em 1) (em?) 0) 
(670-6) 
677-4 (661-6) 
685-0 654-2 
692-5 646-0 
699-8 637-6 
706-8 
V Le 
1060 Table 6. The Q-branches of the hot band 


V obs. Veale. 
(em?) (cm 1) 


KO, 308-8 308-8 
KQ), 301-4 301-2 
RQ), (294-6) 293-4 
PQ, (285-5) 285-6 


PQ, 277-7 277-6 


269-6 269-6 


* Veoalc 289-5 3-90 — 0-04K?2 


: and the rotational constants calculated by the method of combination difference 
, are listed in Table 5. The latter values are less accurate than those given in Table 4. 
The centre of this band is determined to be at 665-9 em=!. 


6. Difference band (hot band) 


At the lower-frequency side of the far infra-red spectrum shown in Fig. | there 
is a series of the Q-branches arising from the transition An 1, (n l — 2). 
The intensity is expected to be about one sixth of that of the fundamental band. 
Using the rotational constants of the first and second excited states obtained from 
the analysis of the fundamental and overtone bands, the frequencies of the Q- 
| branches are calculated and compared with the observed values in Table 6 and 
Fig. 1. 


7 
~ 
> 
1481 


Akiko Yamacucnt, Isao Lontsaima, TAKEHIKO SHIMANOUCHI and San-Icurro MizvusHiMa 


The e ffe ct of asymmetry 


Now let us consider the effect of asymmetry. In the case of slightly asym- 


metric top, each rotational level splits into two levels except the level with A = 0. 


| 18] derived the general expression of the rotational energy levels of slightly 


asymmetric top. In the near-prolate case, £, is given in a power series of J, A and 


the asymmetric parameter ¢ 


E(J,K.K.) = \(B + C)\J(J +1) + [A — (B+ 


where « (B C)/2(2A B (), and A. is either J K l or J K 
according to whether it corresponds to the lower or the upper state of A-type 


doubling, respectively. If ¢ is very small, the higher terms may be neglected, and 


equation (8) becomes as follows 


C)led (J 1) (9) 


where C,, 1 for the state with A l and A, J, Cy | for the state 
with A land A J land (,, 0 for all the other states as shown in the 


Table 7. Shift of “Q,- and ’Q,-branches arising from the 


deviation from the syvmmetr« top model 
RQ), -branch ’),-branch 
(cm (cm 1) 


fundamental band 


overtone band d, 0-9 2) 


hot band (n rs 0-9 0-2 


table given by PoLo. Consequently, only the state with A | gives the con- 


siderable A-type doubling, and other states will be split due to the higher order of e. 


Since only the transition s — s and a -+ a can take place, the irregular spacing of 


Q-branch will take place near the centre of the band. If the C,-axis lies in the direc- 
tion of the B-axis, “Q,-branch will be shifted to higher frequency and “Q,-branch to 
lower frequency as shown in Fig. 4. On the other hand, if the C,-axis lies in the 


direction of the C-axis, the situation will be reversed. From the observed irregularity 
of Q-branches we can conclude that the C,-axis lies in the direction of the B-axis. 
If the splitting of the states with A l is expressed as 26 2eJ (J 1)[A 

1(B + C)] (0 > 0), the lines corresponding to “Q, and *Q, will be shifted by 


to 


6’ and —9", respectively, from the original position expected in the case of the 


symmetric top (« 0). The deviation from the straight line given in Fig. 3 gives 
the value of 6 for the states, » = 0 and |. The 6 values of various torsional 
states obtained from Fig. 3 and other similar figures are listed in Table 7. Assuming 


18) S. R. Porto, Can. J. Phys. S80 (1957). 
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that the peak of Q@-branch corresponds to the frequency with J,,..( 11) the values 
of ¢ are calculated as follows: 


(0-04 0-1) 10-* for n 0 
é (04 + O1) x 10°% forn 


(1-8 


0-4) 10-* for n 2 


Molecular constants 

This molecule has five structural parameters: bond lengths for N—N{R(N—N)| 
and N—H{r(N—H)}, bond angles for HNH{z(HNH)]| and and 
the angle of internal rotation 6. However, in this case only two rotational con- 
stants, A and }(B C), can be obtained, and therefore the five parameters 
cannot be determined uniquely. 


The assumption that 4 equals 90° is most probable since the asymmetry is very 


small. The relations between the other four molecular constants and rotational 
constants are plotted in Fig. 5. It is clear from Fig. 5, that the value of A \(B 

strongly depends on r(N—H) and f(NNH), whereas C) is mainly 
affected by R(N—N). «(HNH) hardly affects either A \(B + C) or (B+ C) 
Hence the angle of «(HNH) is assumed to be equal to that of methylamine, 105°50' 
[4]. From the relation between }(B — C) and R(N—N) in Fig. 5, the value of the 
bond length, R(N—N) in the ground state, is obtained as 1-45, + 0-005 A which is 
in good agreement with the value 1-449 + 0-004 A [9] recently obtained by the 
electron diffraction investigation. The distance R(N—N) may be longer by about 
0-005 A in the excited torsional state. Since the bond distance, r(N—H) and the 
bond angle, 6(NNH) affect A 1B (’) to the similar extent, it is impossible to 
determine both values independently. However, we can conclude that the bond 
length, r(N—H), has a value lying between 1-020 and 1-025 A, and the bond angle, 
B(NNH), has a value between 112-0° and 112°30'. The distance of r(N—H), 
which is also in good agreement with the value 1-022 + 0-006 A [9] obtained by 


the recent electron diffraction measurement, is considerably longer than that of 
the N—H distance in ammonia, 1-014 A. The angle of §(N NH) is the same as that 
of methylamine, 112°10' 1° [4], which is also considerably larger than that of 
ammonia, 106°47', and the tetrahedral angle, 109°28’. In the torsional excited 
states, r(N—H) becomes longer and §(NNH) becomes smaller. For the more 
accurate determination of r(N—H) and p(NNH) values, it is necessary to get other 
information such as rotational constants of deuterated hydrazine. 


Discussion 
In the hydrazine molecule, the rotational constant B is equal to C when the angle 
of internal rotation 6 is 90°. The C,-axis lies on axis 6 or C according as 4 is larger or 
smaller than the right angle, respectively (4 is taken to be zero for the cis-position). 
From the argument in the preceding section, it is concluded that the angle of 
internal rotation is a little larger than the right angle. The changes of J,(—/,) and 
I, with 6, are plotted in Fig. 6. Here /, is almost equal to /,, but not exactly so. 
Asymmetry factor ¢ as a function of @ is calculated from this figure: e.g. ¢ = 0°3 


10-3 for 95°, e 0-6 for 100°, « 1-3 x for 110°, ete. Therefore, 
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Fig. 5. The relation between rotational constants and molecular constants. The shaded 
parts express the observed values with their standard deviations. 
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degrees 


Fig. 6. The dependence of moments of inertia on 6. 


the angle of internal rotation in the ground state is smaller than 95°. The approxi- 
mation of symmetric top used in the analysis of the spectrum is justified. As the 
torsional quantum level becomes higher, the value of « and, consequently, the 
value of # increases. This means that the potential curve of internal rotation has a 
steeper slope in the cis-direction than in the trans-direction. This is also the case 
for H,O,. PENNEY and SUTHERLAND [1] postulated from the theoretical con- 
sideration of electronic interaction for hydrogen peroxide the high barriers of 
about 23 keal/mole at the cis- and about 11-5 kcal/mole at the trans-position. On 
the other hand Hrrora [19] concluded that the cis-barrier of H,O, is 1290 cal/mole 
(452 em~!) and the trans-barrier is 590 cal/mole (208 em-'!) from the theoretical 
consideration of the doublet separation of O—H stretching combination bands. 
Although conclusive data of the barrier height of hydrazine cannot be given, 
some information of the height can be obtained from the energy of torsional levels 
given in equation (10) which is obtained from frequencies of band centres v,(n 
0 — 1), x(n = 0 — 2) and 2). 


43-8(n 4)? (10) 


The trans-barrier will at least be higher than the second torsional excited level, 
which is located at about 890 cm~! higher than the potential minimum. This value 


is higher than the potential barriers of hydrogen peroxide estimated by Hrrora. 
However, it is not unreasonable if we take into account the fact that the barrier of 
methylamine, 691-1 em~!, is higher than that of methy! aleohol, 374°8 em~'. 
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RESEARCH NOTES 


Détermination spectrographique de teneurs élevées en V, Nb et Zr 
dans les alliages d’uranium 
(Received 6 July 1960) 


Abstract—A determination method of V, Nb and Zr in their binary uranium alloys has been 
investigated. Good results were obtained by direct sparking on metallic samples, covering the 


concentration range from 0-5 to 20 per cent. A standard deviation of 4:5 per cent was observed. 


Introduction 

Powr l'analyse d’alliages Zr U et Nb U, dont les teneurs oscillent entre 0,5 et 20 pour cent, 
la “‘earrier distillation” de Scripner et [1] ne convient pas 

En effet, cette méthode n'est applicable que pour les traces et pour autant que les 
éléments A doser soient volatils 

Nous avons essayé de mettre au point une méthode permettant de doser les teneurs 
élevées de ces éléments réfractaires. L’étincelle nous semble tout indiquée pour ce probléme 
et une publication de GoLes [2] confirme cette opinion. Bien que la présence du spectre 
complexe de l'uranium rende cette méthode beaucoup moins sensible que la ‘‘carrier 
distillation”, elle est cependant parfaitement suffisante dans notre cas. Elle permet en 
effet de doser Nb et Zr jusque 0,5 pour cent et V jusque 0,1 pour cent, ce qui suffit pour 
les alliages envisagés 

Dans cette communication nous confirmerons la méthode décrite par GoLeB, mais 
étendue aux concentrations et aux éléments qui nous intéressent 


Description 
1 ppare illage 


Spectrogra phe Hilger Medium—ouverture de fente 10 filtre A 3 échelons 


raison; 4.5 

Source: “Philips: Etincelle: 15 000 volts; 400 wH; 12 000 em 

Electrodes: échantillon metallique plan; contre-électrode en graphite (National 
Carbon Company L4036 

Emulsion: Gevaert 35D65 

Densitométre: Hilger Galvoscale. 


E-rposition 
Préflambage 5 sec 
Exposition 15 se« 


3) Standards 


Les échantillons standards ont été préparés au département métallurgie A partir 
d'uranium métal et des oxydes de vanadium, niobium et zirconium. Les échantillons sont 


B. F. Scarprer et H. R. J. Research Nat. Bur. Standards 37, 370 (1946). 
2) J. A. Goies, Anal. Chem. 28, 965 (1956). 
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soumis A huit fusions successives au four A arc sous atmosphére d’argon. Entre chaque 
fusion la pastille est retournée, afin d’obtenir un alliage homogene. Cette méthode n'est 
applicable qu’aux impuretés refractaires. 
La composition des standards est la suivante: 
Nb/U 0,5 1 2 5 10 pour cent 
Zr/U 05 1248 16 pour cent 
VUOLOSIS pour cent 
(4) Raies analyt ique 8 
Pour vanadium: le couple V 3110.7 et U 3119.3. 
Pour niobium: les couples Nb 3094.2 et U 3119.3; Nb 3225.5 et U 3224.3 (GoLep) 
Pour zirconium: le couple Zr 3214,2 et U 3224,3 (Goies) 


(5) Courbe de dosage 


Les intensités des raies sont lues sur une courbe de noircissement obtenue au moyen 
des trois échelons du filtre. Aucune correction de fond spectral n’est effectué puisque 
ce dernier est di en majeure partie aux spectres du V, Nb, Zr et U. Le rapport raie analy- 


tique-—raie de référence est porté sur papier millimétrique en fonction de la concentration 


(voir la Fig. 1), 
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Nous avons examine divers temps de préflambage et constate que 5 sec suffisent pour 
ue létincelle soit stable. Une durée plus grande est nuisible A la sensibilité puisqu'elle 
sugmente sensiblement fond spre tral 

La précision est satisfaisante. Par répétition des standards sur diverses plaques nous 
:vons obtenu un écart quadratique moyen de 4,5 pour cent 

Pour Mo et Cr, que nous avons également essayé, nous n'avons pu obtenir de courbe 

de dosage convenable. Ceci peut é@tre attribué a la composition des standards, car les 
xvdes de ces Gléments ne sont pas assez réfractaires pour subir la température de 3000°C 


du four a are sans volatilisation 


Conclusion 
La méthode décrite se préte bien pour la détermination de la composition des alliages 
d uraniun (‘omme elle ne neécessite aucune pre paration de léchantillon elle est trés rapide 


eproductibilite st bonne. si on la compare A d'autres méthodes spectrogra phiques 


Elle présente cependant mveéenient d'exiger beaucoup de soin lors de la préparation 


des standards et un controle rigoureux de lew homoweneit ce qui n est puis toujours 
réealisable en recherche 

DeLespaul 

F. LIEVENS 


Characteristic infrared absorption frequencies of chlorocarbonates 


iv 


Own Ly limited data are available concerning the infrared absorption frequencies character- 
istic of chlorocarbonates. Hates ef al. have measured the and C—O stretching 
frequencies of a number of hlorocarbonates and carbonates They reported C—O stretching 
frequencies which ranged from 1770 to 1806 em~', and QO stretching frequen ies which 
ranged from 1056 to 1202 em~'! for chlorocarbonates, most of which contained chlorinated 
side-chains 

We have obtained the spectra of a series of fourteen chlorocarbonates over the sodium 
chloride and potassium bromide spectral regions, and have measured the frequencies of four 
consistent absorption bands which are useful in characterizing chlorocarbonates, The 
frequencies of these absorptions,which arise from the C--O, C—O and C—Cl stretching, 
and the C—C! bending vibrations, are listed in Table 1 for the compounds studied 

KAGARISE [2] has shown that the frequencies of C—O stretching vibrations increase 
linearly with the electronegativities of the groups attached to the carbonyl group. In 
chlorocarbonates the chlorine atom bonded to the carbonyl group is primarily responsible 
for the relatively high C—O stretching frequencies, which fall between 1760 and 1800 em~! 
The frequencies reported here for the C—O stretching vibration occur between 1134 and 
1172 em 1 These ranges agree with those reported bv earlier workers 1} 

A strong very consistent absorption band which results from the C—Cl stretching 
vibration is observed in the 689-694 cm~! region. The variation in frequency of this band 


Hares, J. I. Jones and W. Kywaston, J. Chem. Soc. 618 (1957). 
Kacarise, J. Am. Chem. Soc. 77, 1377 (1955) 
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Table 1. Characteristic chlorocarbonate absorption frequencies (cm 1) 


Compound rC 


Methyl! chlorocarbonate 1799 693 
Ethyl chlorocarbonate 1776 693 
n-Propyl chlorocarbonate 1779 691 
isoPropyl chlorocarbonate 1786 
n-Butyl chlorocarbonate 1776 
iso Butyl chlorocarbonat« 1776 690 
s-Butyl chlorocarbonate 1773 693 
n-Amy! chlorocarbonate 1786 693 
n-Hexyl chlorocarbonate 1776 690 
2-Ethylhexyl chlorocarbonat« 1792 693 
Dodecy! chlorocarbonate 1789 692 
Allyl chlorocarbonat« 1799 693 
Benzyl chlorocarbonate 1761 689 


Probable error 3 


is small enough that it could be accounted for by experimental error; little variation in this 
band position is to be expected because the chlorine atom is separated by three bonds from 
the portion of the molecule which can differ in composition for different chlorocarbonates. 

The weak absorption band observed in the 471-484 cm~ region probably arises from 
the C—Cl bending vibration. Although the other absorptions can be identified with 
reasonable certainty on the basis of empirical evidence which has accumulated in the 
literature, the identity of the low-frequency absorption is somewhat less certain. However, 
it has been reported that the C—C1 bending vibration occurs for phosgene at 444 em~ [3], 
and that the spectrum of ethylene carbonate contains no bands in the 400-730 cm™~' region 
[4]. These observations, coupled with the consistent ap; .arance of the low-frequency band 
in chlorocarbonate spectra, support its identification as the C—Cl bending band. 


Monsanto Chemical Company Horace A, Ory 
Plastics Division 
Texas City, Texas 


W. Tuompson, Trans. Faraday Soc. 37, 251 (1941). 
L. Ancett, Trans. Faraday Soc. §2, 1178 (1956). 


Purification of hydrocarbon solvents for spectrophotometry 
(Received 21 July 1960) 


We HAD been decomposing the picrates of some methyl substituted naphthalenes by sus- 
pending the picrates in “spectro grade” iso-octane (Eastman Organic Chemicals, 82396), 
heating, and passing the hot solutions through short columns of activated silica. Iso-octane 
and the methylnaphthalene passed through the column while picric acid remained behind. 
Thus, it was felt that very pure solutions of the compounds in iso-octane were obtained. 
However, upon standing, it was noted that the solutions turned brownish yellow. We then 
passed “‘Spectro grade” iso-octane through activated silica and noted the same color change. 
Moreover, spectrophotometric examination of the fresh eluate showed the iso-octane to be 
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optically more dense than originally. Subsequently, it was determined that elution of an 
impurity from the silica had taken place. 

Numerous references to the use of column chromatography in the preparation of Spectro 
grade solvents appear in the literature, but to our knowledge, no one has mentioned 
difficulties such as are described above. Accordingly, ‘Spectro grade” iso-octane (Eastman 
Organic Chemicals, $2396) was passed through columns of Davison 12 and Davison 62 silica 
gel*, Mallinckrodt 2847 silicic acid, and Alorco activated alumina. All but one of these 
showed the same behaviour noted above. However, Davison 12 activated silica gel improved 
the light transmission of the iso-octane at wavelengths below 250 my, showing that small 
amounts of impurities were present in the solvent. 


08 


a 
2 
a 


Fig. 1. Ultraviolet absorption spectra of saturated hydrocarbons: I—iso-octane; II 
n hey tane; III evcelohexane; IV—decalin (cis and trans). 


In a recent publication, Tunniciirr [1] indicated that residual absorbing materials were 
not removed by simple percolation of iso-octane through silica gel, and so he introduced a 
prior treatment with nitrogen tetroxide to react with these impurities. Since we have been 
able to purify iso-octane by percolation alone through Davison 12 silica gel, it is perhaps 
possible that his difficulty in this respect was also due to eluted impurities from his silica gel. 

Iso-octane, heptane, cyclohexane and decalin (mixed isomers) have been passed 
repeatedly through Davison 12 activated silica gel until no further decrease in absorbance 
was noted. The spectra were recorded with a Cary Model 11 spectrophotometer, using 1-cm 
cells, and using water as the comparison solvent (Fig. 1). Porrs [2] has recorded the spec- 
trum of heptane and Tunniciirr [1] the spectrum of iso-octane. Comparison of these 
(interpolated) data with our values for the absorbance of heptane and of iso-octane are in 
reasonable agreement 

It was noted that treatment of the above hydrocarbons with sulfuric acid, followed by 


* We are grateful to the Davison Chemical ¢ ompany, Baltimore, Md., for samples of the two grades of 
silica gel 
1} D. D. Tuxnicurr, Talanta 2, 341 (1959). 
2) W. J. Ports, J. Chem. Phys. 20, 809 (1952). 
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distillation from sodium, gave products which deposited a small amount of highly coloured 
material in the top of the silica column. In addition, decalin presented special problems, 
in that even under vacuum (12 mm), distillation from sodium produced a considerable 
amount of tetralin. 
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ANNOUNCEMENT 


Third Australian Spectroscopy Conference 


THe Third Australian Spectroscopy Conference, 
sponsored by the Australian Academy of Science, 
will be held in the School of Chemistry, University 
of Sydney, from 22 to 24 August 1961. 


Papers are invited on all aspects of atomic or 
molecular spectroscopy. Abstracts should be sub- 
mitted before 31 March 1961. 


There will be an Exhibition of Modern Spectro- 
scopic Equipment, and applications from exhibitors 
should be submitted before 30 April 1961. 


All correspondence should be addressed to Dr. 
L. E. Lyons, Conference Secretary, Department of 
Physical Chemistry, University of Sydney, N.S.W., 
Australia. 
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